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Metal on metal (MoM) hip replacements consist of a cobalt-chromium-molybdenum alloy femoral 
head which articulates against an acetabular cup manufactured from similar material. 
MoM hip replacements were introduced in the 1980s. It was thought that the overall reduction in 
volumetric wear as well as the avoidance of polyethylene would lead to greater longevity of these 
prostheses. There had been isolated reports of adverse tissue reactions with previous generations of 
MoM devices but it was thought that improved manufacturing technology would eliminate these 
problems. 
In the 1990s, the Birmingham Hip Resurfacing (BHR) was developed. The positive mid-term results of 
this device led to a rapid increase in the use of the BHR throughout the world. For obvious reasons, 
the enhanced stability large diameter bearings provided proved extremely attractive to surgeons 
and patients. Manufacturers therefore began to develop total hip replacement systems for patients 
unsuitable for the resurfacing procedure. These systems used bearings of size 36mm and greater, in 
Contrast to the existing 28mm Metasul device. 
From 2005 onwards there began to emerge increasing numbers of reports of local complications in 
the tissues adjacent to MoM prostheses. These reactions included sterile masses, tissue destruction 
and osteolysis. The incidence of these tissue reactions was unknown, as were the risk factors for 
their development. 
This piece of work sought to quantity the volumetric and linear wear rates of failed MoM hips and to 
investigate the relationship these wear rates and a number of clinical parameters. These parameters 
included blood, serum and hip fluid chromium and cobalt concentrations, and the macro and 
microscopic appearance of periprosthetic tissue at revision surgery. In this way it was hoped that 
component design, host and surgical factors leading to adverse tissue reactions could be identified 
and potentially eliminated. 
Metal Debris Release From Metal-on-Metal Hip Arthroplasty: Mechanism, 
Quantification and Clinical Effects 
David Langton 
Background 
Hip arthroplasty was developed in order to address the needs of patients disabled with pain and 
stiffness due to degenerative joint disease. The earliest recorded attempts at hip replacement 
occurred in Germany in 1891, when Professor Themistocles GlOck used ivory to replace femoral 
heads of patients whose hip joints had been destroyed by tuberculosis[l]. In 1925, the American 
surgeon Marius Smith-Petersen created a mould arthroplasty out of glass. The glass was too brittle 
to survive the forces transmitted to it in vivo and he subsequently replaced them with a Vitallium 
(cobalt chromium molybdenum alloy) component in 1938.These Smith Peterson designs are 
generally thought of as the first resurfacin&s[2] though they were actually not intended as hip 
replacements. They were designed to be temporary moulds for cartilage regeneration, with the 
intention of removing the mould when the femoral head and acetabulum would have become 
smooth and congruent[2J. 
The 1940s, 50s and 60s saw three other innovators begin to develop hip prostheses that would have 
continued clinical impact up to the present day. Sir John Charnley initially suffered set-backs using a 
Teflon cup as part of a hip resurfacing device. In the immediate post-operative period patients were 
highly satisfied. But in the course of time, the plastic wore and the products of wear produced an 
intense inflammatory reaction. He found long term success by substituting high density polyethylene 
for Teflon to articulate against a stainless steel femoral head as part of a conventional THR[3][4]. 
Charnley's fundamental principle was that of a low friction arthroplasty system which he believed 
could be achieved by selecting acceptable materials with the lowest coefficient of friction and by 
minimizing the torque arm or head diameter[5]. In 1951 George McKee in Norwich introduced a 
total hip replacement made of stainless steel, but his first three appliances failed in less than a year 
due to loosening. He subsequently redesigned this apparatus using cobalt chromium and the results 
were undoubtedly improved, but loosening remained a problem until 1961 when he turned to a 
cobalt chromium prosthesis in which both components were fixed in position with bone cement[6J. 
This design was called the Mckee-Farrar - named with his colleague Mr John Watson-Farrar. At 
around the same time, Peter Ring developed another hip arthroplasty system which employed 
cobalt chromium alloy heads to articulate with cobalt chromium cups[6]. The Ring and Mckee 
designs were the so called "first generation" metal on metal (MoM) hip prostheses. 
The principles of evidence based medicine were not fully embraced at this point in time. It is difficult 
therefore to satisfactorily assess the relative success or failure of these MoM prostheses. 
Irrespective of this, there was an irresistible shift to the global adoption of the Charnley metal on 
polyethylene (MoP) hip, much to the dissatisfaction of the MoM proponents. Charnley had 
convincingly argued that MoM bearings would seize up or give rise to high frictional torque and lead 
to early failures[5]. Peter Ring conceded in 1971: "There is no doubt that to date the high density 
polyethylene wears exceptionally well and forms an articulation with a very low coefficient of 
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friction. Although long-term results are not yet available, it seems likely that the plastic will have at 
least a ten year working life." He went further: "There is, at the moment, no evidence that this is 
occurring, but there is no doubt that the metallic elements from which the alloy is created, cobalt, 
chromium and nickel will circulate within the blood and be removed from the region of the joint and 
can be found in tissues at some distance. There has been a suggestion recently that some patients 
might be sensitive to nickel and that this might produce a local reaction. Whether there is any 
substance in this argument, time must be left to tell."[6] Despite these reservations, Ring continued 
to believe in MoM technology, arguing, in the same year, that "Our experience with this type of 
articulation now extends over a period of seven years; we have in all undertaken almost 600 
replacements and have maintained these patients under continuous review. I think it is important at 
the outset to state that about 90% of these replacements can be rated as excellent results, that is to 
say these hips are pain free, have more than a right angle of flexion and the patients who own them 
are able to walk independently as far as they wish. Indeed, it can be calculated that after 50 years 
use the loss of substance in terms of loss of metal on the surface, will be no more than one or two 
thousandths of an inch."[6] 
There was a specific design feature of the Ring acetabular component which would significantly 
affect the joint's performance. The acetabular component was fixed using a screw, the length of 
which dictated a particular orientation. "The mouth of the cup faced about 20' forwards and 20· 
laterally ...... I regard this as the optimum position for the acetabular component," Ring commented 
[6]. Clearly this would have conferred a great deal of protection from the effects of supero-Iateral 
cup edge wear - a factor which would turn out to be something of an Achilles' Heel for future 
generations of MoM hips. This is described in detail in chapters three to nine. 
To this day, the reports detailing the clinical outcomes ofthe first generation MoM prostheses 
provide conflicting evidence. In general, the quality and number of studies available to the reader is 
limited. Brown et al reported a 28 year survival rate of 74%[7] in a retrospective analysis of 153 
consecutive McKee-Farrar hips implanted between 1969 and 1973. The authors concluded in 2002 
that "given the inherent problems associated with implant wear debris, especially polyethylene wear 
particles, second generation metal-on-metal bearing implants may offer a viable alternative to 
current designs. Their excellent long-term survival may infer particular suitability for use in younger 
patients." The average (range) age of the patients in this study was 61 (21- 85), meaning that the 
survival of the patients would significantly affect the analysis of the true longevity of the joints. 
Wahlstrom et ai's prospective comparison of the Charnley and Mckee-Farrar devices "disclosed no 
major differences" at five years and concluded that their findings did "not support the hypothesis 
that the metal-on-metal prosthesis is clinically inferior to the metal-on-polyethylene prosthesis."[81 
Wahlstrom's twenty year results further concluded that "the long term results of the McKee-Farrar 
prosthesis are comparable with those of the low friction arthroplasty in this series. Wear of the 
polyethylene bearing and accumulation of polyethylene particles in the periprosthetic tissue may 
become an increasing problem. Second generation all metal implants seem to be worth considering 
in patients with long life expectancy."[91 Sixteen McKee-Farrar and eighty Charnley prostheses had 
been revised for aseptic loosening, giving a 20-year aseptic probability of survival of 77% and 73%, 
respectively the authors found. However, only 18% of the hips were reviewed up to 21 years and 
radiographic signs of loosening were present in 52% of the surviving prostheses. 
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Bryant et al found markedly contrasting results[10]. Two hundred and fifty three Ring mark 2 MoM 
hip arthroplasties performed between 1968 and 1974 were evaluated using survivorship analysis. 
Using revision as the criterion for failure, the authors found a cumulative survival rate of 60.4% after 
21 years. The results were compared with data from previous studies that had also used survivorship 
analysis for MoM hip arthroplasties, and it was shown that the Ring hip arthroplasty performed as 
well as the McKee-Farrar prosthesis. Other authors reported poor survival of the McKee-Farrar 
compared to modern standards[l1]and Wretenberg's case study demonstrated that it was possible 
that a number of these patients may have been exposed to high concentrations of chromium and 
cobalt in the absence of local symptoms[12]. 
In the 1970s and 80s[13] it became increasingly apparent that MoP joints were developing problems 
after several years in vivo. These problems consisted of bony destruction (osteolysis) and 
subsequent loosening of components. It was initially thought that the bone cement used to fix the 
hips in place was the cause of these failures. However, after a number of years of research, the 
orthopaedic community reached a consensus[14]. Polyethylene wear debris stimulated a 
macrophage dominated immune response which led to the development of osteolysis[15]. While it 
Was appreciated that some patients may have varying degrees of sensitivity to polyethylene wear 
debris, it was acknowledged that a reduction in wear was likely to reduce the incidence of 
osteolysis[16][17]. Younger, active patients were particularly at risk of wear induced osteolysis due 
to the longer they were likely to live and also due to the higher level of activity they were likely to 
subject their prostheses to. The Swedish Arthroplasty Joint Registry, one of the oldest of its kind in 
the world[18], provided evidence of this. For example, the 2002 report showed that the survivorship 
of conventional MoP THRs in males below the age of 55 years was only 80 per cent and 33 per cent 
at 10 and 16 years respectiveIY[19]. 
It was primarily for this reason that manufacturers looked to develop new prostheses. Building on 
the knowledge and perceived success of the McKee-Farrar and Ring Prostheses, second-generation 
MoM THRs were developed in the 1980s. The Metasul 28mm bearing was a precisely engineered 
high carbon-containing wrought-forged cobalt chromium alloy manufactured by Sulzer[20]. This 
device was used extensively in Europe with good early clinical results. Some clinical studies showed 
outstanding survival rates of 98.6-99% at ten years with a near absence of osteolysis[21][22]. These 
findings were supported by findings of low wear of retrieved implants[23][24] which in turn 
confirmed preliminary hip simulator tests[25] and former clinical data[26]. But as with the previous 
generation of implants, there was some conflicting evidence. Some early failures were reported with 
these devices secondary to loosening in cemented versions[27] and there were reports of unusual 
cellular responses in the periprosthetic tissues of hips revised for unexplained pain[28]. 
There were also ongoing concerns that while the total volumetric wear of MoM joints was greatly 
reduced compared to polyethylene, the total number of released particles was of a scale of 
magnitude higher. The long term health effects of lifelong exposure to increased quantities of 
chromium and cobalt metal ions in the blood stream had not been investigated in depth and was far 
from fully understood. There were also concerns of deposition of metallic debris in end organs and 
Possible carcinogenicity[29][30)[31]. There appeared to be more immediate local concerns as well. 
In 1975, a paper in one of the major orthopaedic journals, the Journal of Bone and Joint Surgery of 
Britain, described a series of seven patients (six females) implanted with McKee-Farrar implants who 
had undergone revision for unexplained pain and were found to have thick yellow/green hip 
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effusions in association with soft tissue necrosis. The mean Co concentration in the joint fluid was 
found to be 2S01lg/1[32]. 
Despite these concerns, the Metasul MoM THR was implanted in large numbers of patients across 
the world over the next two decades. Data regarding blood metal ion concentrations and 
prospective randomised controlled data to prove its safety and clinical superiority over MoP remain 
limited even to the present day. Despite this, there was a resurgence of interest in MoM. Harlan 
Amstutz in America and Derek McMinn in the United Kingdom were convinced that MoM was the 
answer to solve wear induced osteolysis in younger patients and combined this bearing couple with 
hip resurfacing[33]. This form of arthroplasty had undergone its own evolution after a number of 
failures through the years. In hip resurfacing only the diseased articular parts of the femur are 
removed rather than the proximal femur being sectioned and discarded as in conventional THR. A 
hollow spherical head is then cemented over the femur, with the bearing diameter of the prosthesis 
being determined by the patient's existing anatomy. Hip resurfacing therefore provided two options 
highly attractive to both surgeons and patients: femoral bone conservation and a reduced risk of 
dislocation[34]. Furthermore, larger components were thought to more easily harness a beneficial 
flUid film and hence reduce wear, as had been shown in hip simulator studies[3S]. 
There were dissenting voices though, from the past and the present. Many years before, Sir John 
Charnley, who believed that lubrication was too easily disrupted in vivo, had warned that large 
diameter bearings would generate larger frictional forces, leading to accelerated wear and 
loosening. Indeed this had been Charnley's own experience with MoP resurfacing[S], replicated by 
other pioneers including Amstutz himself in the 19705[36]. But Amstutz and McMinn believed that if 
the clearance and surface roughness of the bearing surfaces could be optimised then the thickness 
of the lubricating film could be sufficient to sustain fluid film lubrication[3S]. The production of 
precision engineered large diameter bearings could only feasibly be carried out using metal bearings 
at that time. 
In 1991, Derek McMinn, working independently in Birmingham in the United Kingdom, began using a 
new MoM hip resurfacing. The prosthesis was developed in collaboration with Corin (Cirencester, 
UK) and was based on a cast cobalt chromium alloy[37]. After experienCing some failures with early 
deVices, McMinn produced the Birmingham Hip Resurfacing (BHR) in conjunction with Midland 
Medical Technologies (MMT). The initial five year results ofthe BHR were extremely encouraging, 
with excellent clinical outcome scores, extremely low revision rates and no dislocations 
reported[38]. Consequently, aided by an aggressive marketing campaign, a number of centres 
throughout the world began to offer the resurfacing procedure. Smith and Nephew purchased the 
rights to the BHR from MMT in 2004 and, backed by the financial might of this company, the 
procedure became even more popular. Rival manufacturers understood the appeal of MoM hip 
resurfacing and realised that they would lose this market share if they did not have their own 
devices. In a short period of time, at least ten resurfacing devices appeared on the market, each with 
their own unique properties[39]. 
Manufacturers then looked to expand the use of large diameter MoM hip arthroplasty beyond the 
boundaries of hip resurfacing. A pre requisite for hip resurfacing is a proximal femur which has not 
been extensively damaged by degenerative disease[40]. Large diameter THRs, which had previously 
been used only for situations in which hip resurfacings failed due to femoral neck fracture, therefore 
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began to be marketed as a procedure in their own right for patients without sufficient femoral bone 
quality to support a resurfacing. In this way the popularity of MoM hip arthroplasty increased still 
further. In 2008, over one third of all hip arthroplasties in the United States, the largest market in 
the world, utilised a MoM bearing couple[41]. 
Through the years of expansion of the MoM market, some surgeons continued to express concern 
over the long term health effects of exposure to increased concentrations of chromium and cobalt 
metal ions[42][43]. These unknowns remain unknowns. But in 2005, Willert, who decades earlier 
had described polyethylene induced osteolysis in conventional THRs, described a different, 
lymphocytic dominated reaction associated with a number of failed second generation Metasul 
hips[28]. Case reports began to emerge of revision surgeries where the description of large 
green/yellow sterile fluid effusions in the presence of soft tissue necrosis was strikingly similar to 
those described in the 1975 paper by Jones et al[32]. The orthopaedic community as a whole 
struggled to understand why these problems were occurring, how many patients were affected and 
which patients were at risk[4S]. 
The first report on a series of resurfacing patients with pseudotumours from Oxford[45] in July 2008 
summed up the depth of knowledge of the area at the time I commenced my research. The authors 
stated in their discussion: 
"We therefore believe it is a new type of complication (pseudotumours) which is directly related to 
hip resurfacing. We do not know its precise incidence ....... we estimate the incidence to be 
approximately 1% at five years. We do not know whether this will increase with time or not. If it 
does, it may present a major problem. 
The spectrum of host changes seen in these pseudotumours could represent that of an inflammatory 
response associated with a delayed hypersensitivity reaction to antigen components such as nickel-
chromium or chromium cobalt[4S]. 
The cause of these pseudotumours is not apparent. Metal wear particles were found in every case 
which was examined histological/y. However, in most cases there was no gross clinical metal/osis. 
There is weak evidence of a relationship between the inclination of the acetabular component and 
the time of onset of symptoms; steeply positioned cups are more likely to lead to edge loading 
thereby generating a large amount of metal debris. However, there were also well-positioned 
implants in this series. We suggest that in some cases the pseudotumour may be the result of a toxic 
effect on cells of a large amount of particulate wear debris resulting from some problem with the 
articulation such as edge loading, whereas in other cases it is an idiosyncratic response to a 
moderate release of cobalt-chrome particles. 
All our patients were female, which raises the possibility that pre-operative sensitisation to metal 
may be a factor. Nickel allergy is predominantly a condition of women and is related to the wearing 
of jewellery and in particular to ear piercing. It is interesting to note that seven of the patients in our 
series were allergic to antibiotics." 
Given that this was an emerging clinical problem, it was understandable that the authors of the 
Oxford article did not analyse blood or joint fluid metal ion concentrations. They also did not have 
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suitable equipment to assess the three dimensional orientation ofthe implanted acetabular 
components. No analysis was conducted to assess the wear of explanted prostheses. 
At the time the Oxford pseudotumour paper was submitted, my full time research post at University 
Hospital of North Tees hospital had commenced. The role was intended to audit the clinical, 
radiological and biochemical performance of MoM hip arthroplasties at the hospital with a specific 
emphasis on the DePuy ASR hip resurfacing. 
The Articular Surface Replacement ((ASR) (DePuy)) had been implanted from April 2004 at North 
Tees Hospital. It was marketed as a "fourth generation" hip resurfacing, implying that it had certain 
design modifications compared to the BHR which were intended to improve its tribological and 
clinical performance[46]. The diametral clearance was markedly lower than the BHR with the 
intention being to enhance fluid film lubrication[47]. It had a thinner cup so that less acetabular 
bone had to be removed prior to implantation and the effective articular coverage angle was 
reduced in order to allow a greater range of motion[46]. The acetabular cup also underwent post 
casting heat treatment and hot isostatic pressing and solution annealing[391. 
Derek McMinn, the designer surgeon of the BHR expressed concern over certain design features of 
these "fourth generation" resurfacings, most notably the metallurgy of the bearing surfaces, which 
remains one of the most controversial issues in contemporary hip resurfacing. Whilst all 
manufacturers use high carbon containing cobalt chromium alloy, the processing of the alloy differs. 
The alloy can either be wrought, forged or cast. Following investment casting, high-carbon cobalt 
chrome forms a typical microstructure with large blocky carbides precipitating in the metal matrix. 
These M 23 C6 carbides have the same hardness as alumina ceramic and confer wear resistance on the 
material when used as a MoM articulation[48]. McMinn believed that heat treatments were 
detrimental to the wear properties of metal bearings as they depleted or weakened the carbide 
structures. He and his team had investigated three commonly used heat processes: hot isostatic 
pressing, solution heat treatment, and sintering, all of which involved heating the metal to 
approximately 1200·C. McMinn made the conclusions that: "The effects of these processes were 
essentially twofold. Firstly, the overall carbide volume fraction of the alloy was reduced. Secondly, 
the original large blocky carbides disintegrate into smaller particles, making them unstable and easily 
dislodgeable under stress."[49] Grigoris disagreed, writing in 2006 that: "The significance of these 
heat treatments has been debated over the last 7 years. Hip simulator studies do not demonstrate 
significant differences between the wear behaviours of as-cast and heat-treated alloys. Until long-
term clinical outcomes and reliable retrieval studies become available, it will not be possible to 
determine the relevance of surface carbide depletion."[50) 
But McMinn argued that his cohort of heat treated hip resurfacing components showed a 
significantly increased rate of failure compared to components which had not been heat treated. 
These failures from McMinn's 1996 series of double heat-treated components had not become 
apparent until more than 5.5 years after implantation[51]. Smith and Nephew went on to 
demonstrate a significantly increased rate of wear in heat treated compared to as cast cobalt 
chromium alloy using a novel physiological hip simulator protocol[52]. These findings were 
consistent with the pin-on-plate tests reported by Kinbrum and Unsworth[S31 but in contrast to 
those reported in a previously conducted severe wear hip simulator test[541. 
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The acetabular components of some hip resurfacing systems, most notably the ASR, were designed 
with smaller coverage angles[55] (ie the articular surfaces subtended much smaller angles) than the 
true hemispheres of conventional hip designs. This was promoted as a way of reducing impingement 
and increasing range of motion. However, it left the cups potentially vulnerable to rim loading and 
edge wear, a known cause of catastrophically increased rates of wear. Oepuy's own design engineers 
confirmed this in simulator studies three years after the ASR resurfacing had been released[56]. 
Hip simulator studies had shown that another way of promoting fluid film lubrication, and thus a 
reduction in wear rates, was by reducing the diametral clearance between the head and cup[47J. 
The ASR was developed with the lowest diametral clearance of all commercially available 
devices[39]. This feature, coupled with a thin cup wall led to concerns of cup deformation on 
impaction of the cup. This could lead to starvation of lubrication and even clamping of the head by 
the deformed cup[57]. Oepuy's own pre-clinical hip simulator studies had shown significantly 
increased rates of wear when cups were deformed prior to the tests[58J. 
Given this background, what was the clinical situation? Three ASR patients at University Hospital of 
North Tees, all female, had suffered florid periprosthetic tissue reactions by September 2007. The 
research therefore focused on several key issues: 
1. The quantification of the chromium and cobalt blood and serum metal ion exposure in MoM hip 
prostheses. 
2. The identification of key variables associated with 'excessive' (and this was to be defined) metal 
ion release. 
3. A comparison of blood/serum metal ion concentrations between commonly used resurfaCing 
prostheses. 
4. The investigation of the adverse local effects of accelerated wear in MoM prostheses 
5. The establishment of the rates offailure secondary to adverse reactions to metal debris of 
commonly used resurfacing prostheses. 
6. The investigation of the link between excessive' (again to be defined) wear and extent of local 
tissue damage. 
7. The identification of trademark pathological appearances of periprosthetic tissues retrieved from 
patients with failed MoM prostheses. 
The ultimate aim was to attempt to answer two basic questions: 
Why do adverse reactions ta metal debris (ARMO) accur? 
Who are the at risk patients? 
Answers to the above were provided and disseminated to the wider orthopaedic and bioengineering 
community through the following peer-reviewed journal publications. 
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Chapter One 
"The Influence of Age and Sex on Early Clinical Results After Hip Resurfacing: An Independent Center 
AnalYSis." 
A prospective study of the ASR resurfacing and ASR XL device was commenced at the University 
Hospital of North Tees in 2004. All patients with devices implanted by Mr Antoni Nargol, consultant 
orthopaedic surgeon, were included in the study. The patients were assessed preoperatively using 
internationally accepted scoring systems. They were then regularly reviewed clinically and 
radiologically. The paper "The Influence of Age and Sex on Early Clinical Results After Hip 
Resurfacing: An Independent Center Analysis" describes the results in detail. The initial satisfaction 
scores and functional results of patients implanted with the ASR device were encouraging although 
the operation appeared to be more successful in males compared to females. 
Chapter Two 
"Cup Anteversion in Hip Resurfacing: Validation of EBRA and the Presentation of a Simple Clinical 
Grading System." 
Radiological assessment of the ASR cohort was expanded to include analysis of the three 
dimensional orientation of the acetabular components using EBRA software. As this software had 
not been used previously to examine resurfacing cups, a radiological study was carried out to 
establish the reliability of this technique for these devices. The results showed that EBRA was 
sufficiently accurate for the purposes of the research. EBRA has subsequently been used in at least 
five other studies[59][60] to record the orientation of MoM resurfacing cups. Hart et al published a 
study entitled "Large ball metal on metal hips obscure cup angle measurement on plain radiographs" 
however the findings were not applicable to my results given that the authors had simply measured 
anteversion on plain lateral radiographs rather than specialised software.[61] 
~hapter Three 
"The effect of component size and orientation on the concentrations of metal ions after resurfacing 
arthroplasty of the hip." 
As detailed in "The Influence of Age and Sex on Early Clinical Results After Hip Resurfacing: An 
Independent Center Analysis" (Chapter One), three ASR patients were encountered who had 
developed worsening pain in association with soft tissue destruction and sterile joint fluid effusions. 
After the first two of these patients had failed to improve following two stage revision to MoM THRs 
for assumed infections, it was suspected that the clinical problems may be linked to excessive er and 
Co debris generated from the MoM bearing surfaces. The appearance of the tissues at revision 
Surgery bore striking similarity to the descriptions of failed MoM joints in 1975[32]. For this reason a 
blood metal ion screening programme was instigated to accompany the prospective review of the 
patients. In the past Brodner[62], and, more recently Venditolli[63], had shown a link between cup 
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orientation and blood metal ion concentrations in MoM hips. The three ASR patients with suspected 
metal reactions were found to have cup inclinations greater than 50 degrees. For this reason the 
relationship between acetabular cup orientation and blood metal ion concentrations was studied. 
Established tribological theory suggested that lubrication is increased (and thus wear reduced) when 
larger bearing surfaces are utilised in joint replacements[64]. Therefore, the relationship between 
bearing diameter and blood ions was also examined, as well as a host of other variables including 
patient activity[65]. 
The results showed that the ASR device appeared to be extremely sensitive to cup orientation in 
terms of the release of chromium and cobalt ions. larger diameter ASRs appeared to be protected to 
some extent from the effects of cup orientation. The results were similar to, although the metal ion 
concentrations were generally much higher, than those reported by Venditolli[63]. The clinical and 
biochemical results needed to be compared to the gold standard implant in this class - the BHR, 
which was an ODEP Sa rated implant. Mr Nargol had originally used the BHR for all hip resurfacing 
Operations from 2002 to 2004. The patients who received the BHR during this period were reviewed 
in clinic in a similar manner to the ASR patients in order to audit the results and ensure that they 
Were not developing any unforeseen problems. 
~hapter Four 
"Blood metal ion concentrations after hip resurfacing arthroplasty: A COMPARATIVE STUDY OF 
ARTICULAR SURFACE REPLACEMENT AND BIRMINGHAM HIP RESURFACING ARTHROPLASTIES." 
At the very beginning of 2008, the patients who had received BHRs were not undergoing regular 
follow up. Although the complications encountered 'with the new ASR device at this point in time 
Were relatively few in number, there was a wide variation in the blood tests in terms of chromium 
and cobalt concentrations. It was therefore deemed prudent to examine the BHR blood metal ion 
results in the same way that ASR results had been. Bearing diameters and acetabular component 
orientations were again measured and documented. As with the ASR, there was an inverse 
relationship between increasing bearing diameter and decreasing metal ion concentrations. This 
relationship was much weaker, however, than in the case of the ASR. The most significant findings 
however concerned the metal ion concentrations as a whole, as well as the relationship of the ions 
to acetabular orientation. There were far fewer patients in the BHR group who were found to have 
extremely high cobalt or chromium levels. This finding was not satisfactorily explained by a 
difference in cup orientations between the ASR and BHR patient groups. Patients with sub-optimally 
Positioned BHR components were significantly less likely to develop high blood metal ions compared 
to the equivalent ASR patients. 
Despite the BHR having been implanted since 1997 and tens of thousands of surgeries been carried 
Out subsequently worldwide, published blood metal ion data was extremely limited. Of note Daniel, 
Working with the deSigner of the BHR, had performed a small study recording the blood metal ion 
Concentrations in 26 patients[66]. The authors stated that there was no association between bearing 
diameter and metal ions, although only patients with 50mm and 54mm bearings were included and 
cup orientation was not studied in depth. Their conclusions drew criticism from other authors[67]. 
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£hapter Five· 
"Early failure of metal-on-metal bearings in hip resurfacing and large-diameter total hip 
replacement: A CONSEQUENCE OF EXCESS WEAR./I 
"Tribo/ogical analysis of failed resurfacing hip prostheses and comparison with clinical data./I 
"A study of the wear of explanted metal-on-metal resurfacing hip prostheses./I 
Through the year 2008, seventeen patients with ASR devices had experienced ARMD. All patients 
who had received ASRs and BHRs were now under regular review. The vast majority remained 
asymptomatic at this point in time. We compared a number of parameters between this large pool 
of asymptomatic patients and those who had developed complications. These parameters included 
blood/serum Cr and Co concentrations, joint fluid concentrations (using samples obtained from 
patients whose joints had failed for other reasons, such as avascular necrosis), acetabular 
orientation and bearing diameter. ASR imptants which had been revised underwent analysis using a 
ZYGO NewView 5000 non-contacting profilometer and a Zeiss TSK Rondcom60A roundness 
measuring machine. Measurements taken with the non-contacting profilometer showed that 
roughness values of the articulating surfaces had increased. This implied that the theoretical 
lubrication regime would have shifted from fluid film to boundary lubrication. In the boundary 
lubrication regime, with its preponderance of surface-to-surface interaction, increased wear would 
be expected. In turn, this would result in higher volumes of wear debris. In addition, the relatively 
large size of the resurfacing hip prostheses meant that, under boundary lubrication conditions, wear 
would take place over a large sliding distance and v~lumes of wear debris would be maximized. 
Measurements taken with the Rondcom showed that ARMD failures were associated with values of 
out of roundness far higher than at manufacture. Data obtained from the retrieval analYSis, 
combined with the blood and joint metal ion concentrations provided convincing evidence that 
ARMD failure was associated with abnormal wear of prostheses. It was clear that there was an 
Obvious difference in the clinical performance of the ASR and BHR. A much smaller percentage of the 
BHR patients were found to have extremely high blood metal ion concentrations and up until this 
POint, no ARMD failures had occurred in the BHR patient group. Furthermore, patients with failed 
MoM hips who who gave blood for in vitro Iymphocyte proliferation tests were not found to have 
results indicative of existing metal hypersensitivity. These findings were substantiated later by Kwon 
et al in an investigation involving patients with pseudotumours[68][69]. The implication was that 
ARMD was directly related to excessive wear of MoM hips rather than an idiopathic host response. 
The findings prompted the cessation of the use of the ASR at University Hospital of North Tees. 
£hapter Six 
"Volumetric wear assessment of failed metal-on-metal hip resurfacing prostheses. /I 
"Reducing Metal Ion Release Following Hip Resurfacing Arthroplasty. 11 
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In 2008, following ethical approval from County Durham and Tees lREC, a prospective study at North 
Tees Hospital and Newcastle University was initiated to characterise and quantify material loss from 
failed MoM hip prostheses. A small Belgian study had previously shown that serum ion 
concentrations were significantly related to linear wear of retrieved femoral components[70]. Up 
until this point it had been our working hypothesis that the Cr and Co concentrations observed in the 
blood of the patients who had received MoM prostheses were directly related to the amount of 
material liberated from the bearing surfaces. The aim of this study, therefore, was therefore to 
examine this assumption by comparing calculated volumetric wear rates with various clinical results 
including blood/serum/joint chromium and cobalt concentrations. 
Previously, a number of papers from other centres had used coordinate measuring machine (CMM) 
technology to calculate volumetric loss from failed devices[71]. With the aid of a grant from the 
British Orthopaedic Association/Joint Action a state of the art, high accuracy CMM was purchased. A 
bespoke Matlab programme was designed to allow accurate quantification of volumetric and linear 
Wear. Gravimetric measurements were utilised to validate the analytical techniques using a sterile 
Component. This validation study was subsequently expanded in a more recent paper[72] described 
in chapter eleven. 
Chapter Seven 
"Reducing Metal Ion Release Following Hip Resurfacing Arthroplasty." 
Up until this point in time, only one surgeon's results had been analysed in depth. While this was an 
ideal way to examine the performance of the ASR against the BHR while excluding differences in 
technique between surgeons, it was not clear whether the results and conclusions could be applied 
to the wider surgical community. For this reason, our existing data was pooled with the clinical, 
blood metal ion and radiological results from two other high volume hip resurfacing surgeons in 
EUrope. A study of this type had previously been recommended in the literature[73]. Three devices 
Were studied: the ASR, the BHR and the Conserve Plus. The Conserve Plus was an ideal device to 
include as it was well known to have one of the largest acetabular coverage angles, and this 
Coverage did not change significantly between cups with different diameters. 
This study included the largest analysis of radiological orientation of acetabular cups in existence. 
The range of acetabular component placement was found to differ very little between surgeons, a 
finding which was entirely consistent with the existing literature on the subject[74][751. 
The results substantiated our previous findings that the ASR was more sensitive to the effects of 
acetabular component orientation compared to devices with larger acetabular coverage angles. The 
Conserve Plus, with a large coverage angle that did not vary significantly with bearing diameter was 
the least sensitive to component position, and blood metal ion concentrations were not found to be 
significantly related to bearing diameter. These conclusions were in agreement with those made 
previously by De Smet et al[7G1 . 
.t.hapter Eight 
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"Adverse reaction to metal debris following hip resurfacing: THE INFLUENCE OF COMPONENT TYPE, 
ORIENTATION AND VOLUMETRIC WEAR." 
"Adverse reactions to metal debris: histopathological features of periprosthetic soft tissue reactions 
seen in association with failed metal on metal hip arthroplasties. " 
FOlloWing on from the previous study which focused solely on blood metal ion concentrations, we 
used the same pooled data to analyse the incidence of local ARMD in this large series of 4,226 hip 
resurfacings. At the time of writing, this study is the largest analysis of clinical, biochemical and 
radiological results of hip resurfacings in the global published literature. As well as documenting the 
incidence of ARMD in each surgeon/device group, a Cox proportional hazards model was 
constructed to examine the risk factors for joint failure secondary to ARMD. The Cox model showed 
that the most significant variable leading to ARMD related failure was the ASR device itself. These 
findings were consistent with our earlier single surgeon study which showed a much greater ARMD 
failure rate in ASR patients compared to BHR patients (chapter 5). 
Another aim of this study was to examine the relationship between wear and local tissue reactions. 
Our previous work had shown for the first time that ARMD had occurred in association with 
abnormally wearing MoM prostheses. Our clinical experience was that, while the development of 
bony injury tended to be strongly related to wear rates (and thus, metal ion concentrations), the 
extent of soft tissue damage seemed to be linked to the intensity of the local cellular response 
rather than being dose related to wear. In order to investigate this relationship, the macroscopic 
appearances of bone and soft tissues at revision surgeries were categorised using a novel grading 
system. Similarly, tissue specimens excised at revision were graded by a consultant histopathologist. 
These grading scores were then compared to the measured volumetric wear rates of the 
corresponding explanted components. 
There were a number of key findings. No patients experiencing joint failure secondary to ARMD 
Were proven to have "normal" or "expected" wear of their retrieved devices and cup edge wear was 
identified on all explanted acetabular components. Compatible with this finding was the observation 
that no patients who had developed ARMD were found to have low blood metal ion concentrations. 
Neither volumetric wear rates nor joint/serum ion concentrations correlated with microscopic 
necrosis or the extent of tissue destruction observed at revision surgery. There was, however, a 
significant relationship between the thickness of perivascular lymphocytic cuffs and surface layer 
necrosis which suggested that tissue destruction was not a result of toxic concentrations of metal 
debris, but was more likely to be the result of an immune response provoked by the debris. 
£.hapter Nine 
"Accelerating failure rate of the ASR total hip replacement. " 
"High failure rates with a large-diameter hybrid metal-on-metal total hip replacement: CLINICAL, 
RADIOLOGICAL AND RETRIEVAL ANALYSIS." 
From 2010 onwards it became increasingly apparent that there was a disproportionate increase in 
the rates of failure of the ASR THRs compared to the resurfacings. We had previously noted this 
12 
discrepancy in our earlier work (chapter five), ascribing the difference to the increased number of 
females who had received THRs compared to ASR resurfacings. Females, due to their smaller 
anatomy, are more likely to be implanted with smaller diameter components. As we had previously 
shown that smaller diameter cups were more likely to generate greater concentration of metal ions 
[77], we believed the difference in failure to be due to increased bearing surface wear rather than 
any specific difference in the construct of the arthroplasty systems themselves. 
However, as more failures were encountered at University Hospital of North Tees, more data 
became available for analysis. It became clear that the bearing surfaces of ARMD ASR THRs had 
experienced significantly less wear than the equivalent ASR resurfacings. Correspondingly, the blood 
cobalt and chromium concentrations were also significantly lower in the THR group. A re-
examination of all clinical data showed that the clinical presentation of patients in the two groups 
Was Similar, and revision findings were also similar, if not more severe in the THR group. The ratio of 
cobalt to chromium in the joint fluid of the THR patients was potentially indicative of a different 
mechanism of metal debris release however. All explants were therefore re-evaluated with a specific 
emphasis on the junction between the femoral components and femoral stems. 
" 
A review of the literature showed that modular junctions in hip arthroplasty had been a source of 
much debate in the 1990s[7S][79] but relatively little research had been focused on this area in the 
. 21st century. Initial investigations consisted of basic out of roundness traces using a coordinate 
measuring machine to identify gross changes of the surface of the female taper surfaces of the 
explanted femoral heads. 
The initial clinical and analytical results were published in two papers from two centres. The clinical 
results at these two centres were extremely concerning. Both centres were experiencing very high 
failure rates with stemmed MoM THR - even when the examination of retrieved explants showed 
very little bearing surface wear had taken place. 
Interestingly however, overall, the total measured volumetric CoCr loss (taper and bearing surface 
combined) of an explanted THR from a patient suffering ARMD was approximately one third that 
from a resurfacing device[SO]. Coupled with this finding, CoCr ratios in fluids taken from joints with 
severe taper damage were somewhat different than those with excess bearing surface wear. For 
example, with severe bearing surface wear the ratio of Cr to Co is frequently more than 3 to 1. Taper 
Wear was often aSSOCiated with a reversal of this ratio, with Co the dominant element. It should also 
be noted that a typical CoCrMo alloy used in an artificial hip will consist of approximately 60-65 % Co 
and 27-30 % Cr. 
An examination of published literature shows that the failure rates of ASRs, Duroms and BHRs THRs 
are greater than the failure rates of the pure resurfacing systems[Sl]. Furthermore, Garbuz et al [82] 
Nargol et al[83] and Beaule et al[S4] have shown evidence that median blood metal ion 
Concentrations are elevated in THRs compared with their resurfacing counterparts in studies 
involving the Durom (Zimmer, Warsaw, Indiana), ASR and Conserve Plus systems (Wright Medical, 
MemphiS, Tennessee), respectively. A prospective study in the United Kingdom comparing the 
Birmingham Hip Resurfacing with the BHR THR was terminated due to unacceptably high metal ion 
levels and failures in patients receiving the THRs[85]. 
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It is highly likely that these clinical outcomes are the consequences of taper wear debris. Taper wear 
debris itself appears to be particularly potent in terms of causing direct or indirect soft tissue 
damage[86). We have examined this relationship in our ongoing unpublished work[80). When 
matched with resurfacing patients for total volumetric loss (taper and bearing surface combined), 
patients with taper damage are more likely to develop moderate to severe soft tissue destruction, 
are more likely to have moderate/severe ALVAL type reactions and are more likely to develop 
granulomas[80). 
Reports of ARMD in the presence of optimally functioning MoM hip implants are rare. However it 
does not follow that metal ion concentrations (and thus total volumetric wear) are dose related to 
the amount of tissue damage identified at revision surgery[87][88). Previously, ARMD has been 
divided into histiocyte dominated response (ARMD-H) and lymphocytic dominated responses 
(ARMD-L)[88]. ARMD-L cases are often found to have the greatest extent of soft tissue destruction. 
The implication is that soft tissue damage is caused by the immune response rather than a direct 
toxic effect of the locally elevated Cr and Co concentrations. It is this distinction which may 
ultimately prove to be the underlying explanation for the difference in clinical performance and 
failure modes of hip resurfacing and THR systems. It may also explain the confusion which reigns in 
the literature on the subject of the clinical use of blood metal ion tests. It is interesting to note that 
When patients with resurfacings are analysed as a group on their own, authors tend to conclude that 
risk factors for failure are smaller joint sizes, sub optimally positioned acetabular components and 
elevated metal ion levels/increased wear[88][89]. However, when studies examine THR patient 
groups (or actually combine THR and resurfacing patients into the same group), it is often concluded 
that ARMD is not related to size, orientation or elevated metal ion concentrations[90]. 
Frequently patients with THRs who develop ARMD have blood or serum Cr or Co lower than the 
hlg/I threshold level suggested by the MHRA. This has been noted by a number of authors[83][91). 
It may also be the reason why one study found that the wear rates of failed ASR devices (a device 
widely acknowledged to be a catastrophically failing device) were not found to be significantly 
different to the wear rates of BHRs. Examining the breakdown of explants in this study revealed 
sOmething quite interesting - the ASR explants were split 1.75 : 1 ASR THRS to ASR resurfacings and 
the BHR explants 1: 2.76 BHR THRs to BHRs. The same authors also found that pseudotumours are 
common in well positioned low wearing devices. Revealingly, there was no mention in either study 
of the taper junctions[92] [93]. 
Given that, as discussed above, soft tissue destruction does not appear to be directly linearly related 
to wear rates/metal ion concentrations but rather to a negative immune cascade once a threshold 
has been passed, it is not unreasonable to suggest that taper debris is more immunogenic. Why 
might this be the case? There are a number of possibilities: 
1. Taper debris may be released by different mechanisms and therefore may be of a different 
morphology to bearing surface debris. The size and shape of particles released from this junction 
may have a different response on the immune system which may have a greater capacity to cause 
soft tissue injury. There is a large body of work throughout many fields of medicine and surgery to 
show that immune responses to foreign materials are very much dictated by the morphology of 
those materials. 
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2. Titanium alloy debris may have a significant synergistic effect with CoCr debris. It may be that the 
different types of ions compete for different metalloprotein binding sites. Injury may be caused 
indirectly due to certain metalloproteins instigating a negative immune response, or directly, as a 
result of the concentration of unbound metallic ions in the joint fluid. 
3. Co and Cr ions may be released in different relative quantities. For example, with bearing surface 
wear there is, theoretically, constant repassivation of the CoCr surface by the formation of Cr oxide. 
At the taper junction there appears to be no such repassivation of CoCr and the alloy itself is 
released in a proportion which is more consistent with the elemental proportions of the alloy. Failed 
taper junctions are associated with higher Co concentrations in the joint fluid. It could be that this Co 
preponderance is key to the process of tissue damage or it may simply be an association. One thing 
that is clear, however, is that tissue injury is not directly related to overall total wear or joint fluid 
metal ion concentration. When joint concentrations are at their highest, Cr concentrations dominate 
(likely due to the sequestration of chromium orthophosphate in the periprosthetic tissue) and it may 
even be that high concentrations of Cr in some way inhibit a lymphocytic dominant response. 
4. Acceleration of debris production rather than total dose,or average wear rate may be more 
significant to the host response. When tapers begin to fail the acceleration in debris production may 
be far steeper than in a failing bearing surface. It is also possible that debris c~uld be released in 
bursts as the taper junction opens and seals with various activities of daily living. 
S. The location of debris production. Firstly, synovial fluid may have an important chemical effect on 
the released debris. Furthermore with uncemented stems, debris liberated from the taper junction 
may find a route to the bone marrow, again with differing immunogenic potential. 
6. Taper debris may be an association rather than a root cause. For example it has been suggested 
fluid ejected when head and cup components separate and relocate have an important role in the 
development of tissue necrosis[94]. This mechanism may simply be more frequent in THRs 
compared to resurfacings. 
Irrespective of the underlying mechanisms, large diameter MoM THRs are failing at a higher rate 
than their resurfacing counterparts. The ASR THR has been described as having a failure rate as 
much as 44% at 7 years[95]. I have personally examined 120 failed ASR THRs. In my opinion, taper 
failure has occurred in over 60% of these cases. The extent of taper damage is not clearly linked to 
surface wear - the implication being that there is no reason at present to say without doubt that this 
is Uniquely an ASR problem. 
Most importantly, at present, Co Cr blood levels, unless they are within the ranges of physiological 
Values described herein « 2 Ilg/I) are of no real use for these arthroplasty systems in terms of 
identifying pathological responses. All patients with these devices must be kept under strict follow 
up until we know more. 
~terTen 
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"Taper junction failure in large-diameter metal-on-metal bearings." 
The previous study identified significant surface changes at the modular junctions of ASR THRs. 
These changes were associated with negative clinical outcomes indistinguishable from ARMD as 
seen in MoM hip resurfacings. Furthermore it appeared that THR patients could develop significant 
soft tissue destruction when exposed to lower concentrations of metal debris as evidenced by a 
Comparison of the two groups in terms of bearing surface material loss and blood and joint metal ion 
concentrations. A mass recall of all MoM hip patients was commenced at University Hospital of 
North Tees from 2010 onwards. Blood metal ion testing was offered to all patients. Patients with 
high blood metal ion concentrations and/or pain were referred for cross sectional imaging by an 
eXperienced musculoskeletal radiologist. A number of ARMD failures were identified in patients who 
had received the Pinnacle MoM THR. This THR system, also manufactured by DePuy was implanted 
in approximately 1000 patients at the hospital by different consultant orthopaedic surgeons. The 
bearing surfaces are manufactured from wrought CoCr and the heads are implanted onto titanium 
alloy stems, identical to the larger diameter ASR THRs. The taper junction specifications are identical 
to the ASR systems. Unsurprisingly, a number of explanted Pinnacle devices showed patterns of 
taper surface change visual to the naked eye identical to those identified on the retrieved ASRs. 
It was obviously desirable to develop a method to quantify and characterise the material loss from 
the taper junctions. Preliminary investigations had shown that the most significant damage was 
Occurring on the female taper (femoral head) side. We therefore developed and validated a method 
to quantify material loss from the female tapers in ASR and Pinnacle systems. This is described in the 
paper in this chapter. 
The results of the analysis were extremely concerning. They may, in fact, prove to have huge 
implications for contemporary hip arthroplasty. We showed clear evidence that the titanium alloy 
sterns (trunnions) were causing changes at the female CoCr alloy taper surface and leaving behind an 
imprint of the trunnion grooves. Following this imprinting, preferential wear of the CoCr was taking 
place. Variables associated with increased wear rates were larger head diameters, increased head 
offsets and lower femoral stem shaft (varus) angles. In a number of cases, volumetric loss at the 
taper junction exceeded that at the bearing surface. 
&bapter Eleven 
"Blood metal ion testing is an effective screening tool to identify poorly performing metal on metal 
bearing surfaces." 
Our previous work had suggested that the rate of ARMD in low wearing MoM hip resurfacings was 
low. We had also demonstrated a highly significant relationship between blood/serum metal ion 
concentrations and the wear of hip resurfacings as measured post explantation. Additionally we had 
Presented evidence to show that cobalt was the most reliable element to test between different 
laboratories[96]. The next most obvious next step was to determine whether a reliable threshold 
concentration of cobalt existed which could be used to identify abnormally wearing implants while 
they remained in vivo. We did this by comparing pre revision blood metal ion concentrations to the 
Wear rates of retrieved MoM components. The process is described in depth in the paper in this 
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chapter. To allow legitimate conclusions to be drawn from this data, we recognised the need for a 
large study of background Cr Co concentrations in a healthy population. This data was provided via 
collaboration with the local regional toxicology centre and is included in the aforementioned paper. 
Using the background concentrations in combination with pre revision blood samples it was clear 
that a blood Co concentration above 5~g/1 was highly specific for the identification of abnormal 
Wear of a MoM hip. 
Throughout the acquisition and analysis of data, it became apparent that there was a phenomenon 
occurring where, as overall metal ion concentrations increased, serum concentrations of Cr became 
greater than the whole blood concentrations. Given that concerns already existed as to the possible 
generation of hexavalent Cr species by MoM jOints, we investigated the distribution of hexavalent 
and trivalent Cr species in blood and serum with an in vitro study. This investigation is described in 
detail in this chapter. 
Q)apter Twelve 
"The clinical implications of elevated blood metal ion concentrations in asymptomatic patients with 
MoM hip resurfacings: a cohort study. 11 
In 2012, the Medicines and Healthcare products Regulatory Agency (MHRA) of the United Kingdom 
released the latest guidelines on the management of patients with MoM hip joints. These guidelines 
did not recommend that patients with MoM hip resurfacing arthroplasties should undergo routine 
blood metal ion testing in the absence of symptoms 'unless the patient cohort is of concern'. They 
also advised that a blood or serum Cr or Co concentration of 7~g/1 indicates the potential for a soft 
tissue reaction. It was not clear how this value had been determined but appeared to be from the 
same study that the previous guidance from 2011 had drawn upon. The source data was generated 
from a cross-sectional study[97] which compared patients with failed MoM hips to control patients 
With 'well-functioning' MoM hips. Several patients assigned to the 'well-functioning' hip group had 
blood Co concentrations in excess of 5 ~g/I and one was in excess of 50 ~g/1. All our work so far had 
shown that it was clearly undesirable to designate patients with high Cr Co levels as having "well-
functioning" hips. 
Tribological theory states that as articulating surfaces become rougher they are less likely to harness 
a sufficiently thick fluid film[98]. If surfaces become rougher, therefore, they are less likely to 
develop a beneficial lubricating film and wear accelerates. With this in mind, we did not feel it 
appropriate to label a patient's hip as "well-functioning" simply because of the absence of gross 
clinical symptoms. Our clinical experience had suggested to us that it was quite likely that patients 
eXposed to increased metal debris may show temporary 'tolerance' to the stimulus and a certain 
time period must elapse or a threshold exposure be reached before an immune response is 
established and symptoms develop. Several publications had in fact already included descriptions of 
Patients with high metal ion loads who were initially pain-free but went on to develop pain a 
number of years later[99j[43]. Furthermore, increased metal ion levels in asymptomatic patients 
may be associated with underlying pathology, including osteolysis[100]. It is well recognised that 
Osteolysis can be silent, often only manifesting in the form of radiographic changes or pain 
secondary to loosening of components. 
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For the above reasons, we conducted a study to document the clinical course of asymptomatic 
patients with certain blood metal ion concentrations. We found that blood tests are a clinically 
Useful indicator of the risk of the development of ARMD in asymptomatic patients. Given our clinical 
experience this was not an unexpected finding. Compatible with our experience and those reported 
from other centres, the results also showed that women are more likely than men to develop ARMD, 
even when exposed to the same concentrations of blood metal ions. Furthermore, while blood 
metal ion concentrations were invariably associated with the development of osteolysis, it appeared 
that ASR patients were more likely to develop lymphocytic dominant ARMD as opposed to 
macrophage dominant cellular reactions. 
Conclusions 
MoM hip arthroplasty has a long history. Modern MoM hips were developed on the founding belief 
that certain first generation designs had shown extremely good survival rates. An examination of the 
eVidence supporting this belief reveals insufficient data to make firm conclusions. 
The MoM bearing surface has long been a source of anxiety for those who believe that long term 
exposure to metal debris may be detrimental to the systemic health of recipients of MoM hip 
arthroplasties[42]. There remain a limited number of case reports of neurological and cardiological 
Complications secondary to metal ion intoxication at present although this situation may change in 
the next few years as more physicians investigate the issue. 
It is becoming clear however that local reactions to metal debris currently present a huge problem to 
patients and healthcare providers throughout the world. The aim of this research was to investigate 
Why ARMD occurs and to identify at risk patients. 
ARMD occurs more commonly when MoM prostheses are wearing at greater than expected rates. 
There remains no convincing evidence in the literature describing severe soft tissue injury or 
Osteolysis in association with a low wearing implant (a wear rate of less than lmm3 per year of 
bearing surface wear with no contributing debris from a taper junction). 
The extent of osteolysis appears to be strongly related to volumetric wear. In this investigation, all 
patients with bearing surface wear rates greater than 20mm3 per year were found to have gross 
metallosis and acetabular and or femoral osteolysis. A number of these patients described only 
minor discomfort or no pain at all. Some hip resurfacing patients presented to the emergency 
department with acute femoral neck fractures. Periprosthetic tissues of patients suffering osteolysis 
as opposed to soft tissue injury are more likely to exhibit histiocyte dominant responses. 
SOft tissue damage appears to be more dependent on host factors. In patients where there is 
extensive destruction of the abductor musculature copious sterile fluid effusions are frequently 
found. Histological examination often identifies an intense lymphocytic dominated response. It 
seems that once a certain threshold is breached in a certain patient an immune cascade develops 
and this response is strongly associated with soft tissue damage. As the extent of tissue injury does 
not appear to be dose related to metal debris (aside from a categorical relationship ie abnormal 
18 
versus expected wear), conclusions drawn from different research centres are not in harmony. The 
situation is further complicated when hip resurfacings and THRs are not analysed separately. 
Excessive wear and, by extension ARMD, is relatively well understood in MoM hip resurfacings. Any 
factors that predispose a hip resurfacing to rim loading and edge wear can be considered risk factors 
for ARMD. Smaller diameter resurfacings, cups placed in sub optimal orientations and designs with 
low cup coverage angles greatly increase the risk of increased local and systemic chromium and 
cobalt exposure as well as the development of soft tissue and bony injury. Women are at greater risk 
of excessive metal debris exposure than males due to the fact that on average they have smaller 
diameter cups which are more likely to be implanted at higher angles of anteversion and inclination. 
Furthermore, females appear to more readily mount a Iymphocyte dominated response and are at 
greater risk of ARMD when exposed to similar amounts of debris as males. 
Metal ion testing appears to be a useful clinical tool in the follow up of patients with hip 
resurfacings. In the United Kingdom, the following guide appears to be appropriate in the 
consideration of blood Co results one year post implantation: 
< 21lg/1 Co concentrations close to normal background levels 
2 • 51lgfl Equivocal test 
5. 101lg/1 High sensitivity and specificity for abnormal wear process 
10· 20llg/1100% specificity for abnormal wear and patient at greatly increased risk for development 
of ARMD even if asymptomatic 
> 20llg/1 Macroscopic metallosis of periprosthetic tissues and patient is likely developing osteolysis 
ARMD is more common in patients with resurfacing THRs than in patients with pure resurfacings. 
THR patients who develop ARMD are on average exposed to a smaller total amount of wear debris in 
volumetric terms than resurfacing patients who develop ARMD. This makes the interpretation of 
metal ion results more difficult. Updated Kaplan Meier analysis of the ASR THR population at 
University Hospital of North Tees indicates 45% failure at 8 years. At present the simplest approach 
to the management of patients with large diameter THRs appears to be close surveillance and to 
categorise blood Co results into "normal" « 21lgfl) and "abnormal" (~ 2Ilg/I).There appears to be a 
common mechanism of taper failure between various manufacturers' stems which is linked to the 
Use of larger heads in combination with trunnions optimised to accommodate ceramic heads.[lOl] 
When one also considers that there are well documented reports of ARMD in asymptomatic 
patients(lOOJ, my personal recommendation is that all patients with "abnormal" blood Co 
concentrations should undergo baseline cross sectional imaging. Unfortunately, ongoing 
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Chapter One 
The Journal of Arthroplasty Vol. 23 No. 6 Suppl. 1 2008 
The Influence of Age and Sex on Early Clinical 
Results After Hip Resurfacing 
An Independent Center Analysis 
Simon S. Jameson, MRCS, David J. Langton, MRCS, Sonali Natu, FRCPath, and 
Tony V.F. Nargol, FRCS (Tr&Orth) 
Abstract: Patient selection is critical to the excellent medium-term clinical results 
after hip resurfacing. We assessed the influence of age and sex on early survivorship 
and functional outcome by comparing 100 female hips resurfaced with male hips 
resurfaced for the same period. In patients older than 55 years, Harris hip score 
improved to 97.4 in males compared with 91.2 (P < .01) in females with a revision 
rate of 2.2% and 7.4%, respectively. There was no correlation between age and 
functional score. Three percent of females and 1.3% of males sustained a femoral 
neck fracture. Hip resurfacing provides excellent early functional recovery in males 
and females. However, the revision rate in older females is high. Changes to surgical 
technique may minimize the risk of early failure in this group. Key words: hip 
resurfacing, metal-on-metal. 
© 2008 Published by Elsevier Inc. 
T~tal hip arthroplasty (THA) is a successful operation for 
Il1lddle to late age with more than 90% to 95% survival 
rates at 10 years [1,2]. Implant survival after THA in 
Y~unger patients is lower [1,2]. Despite high-wear 
~Maracteristics with earlier generations, metal-on-metal 
t OnM) hip resurfacing has become popular for the 
~eatll1ent of younger patients [3]. Resurfacing is recom-
C ended for active people who would otherwise receive a 
onVentional THA but who are likely to outlive all 
Currently available THA implants [4]. 
p T~e advantages of hip resurfacing over THA include 
rOXlll1al femoral bone preservation, optimization of stress 
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transfer to the proximal femur and reproduction of 
normal hip biomechanics, greater implant stability, and 
perceived ease of revision [5,6]. Clinical function is 
thought to be better with a large femoral head [7] and 
patients report less limp [8]. Large diameter bearings also 
reduce the risk of dislocation, with reports of less than 1 % 
[9]. Medium-term results are encouraging, with 94.4% to 
99.8% survivorship at 2 to 6 years for the treatment of 
young patients [10-12]. In a retrospective age and sex-
matched series, resurfaced patients had significantly better 
activity levels and quality of life than THA patients [13]. 
The ideal candidate for hip resurfacing is a young active 
male with normal proximal femoral bone geometry and 
quality. Absolute contraindications include elderly 
patients with osteoporotic bone and impaired renal 
function [6]. Patient selection appears to be critical to 
the success of these implants. Most patients who undergo 
THA are female, in all age groups [1]. However, female 
numbers are low in the published resurfacing literature 
(21 %-27%) [10-12]. 
Fractured femoral neck is the most common complica-
tion of resurfacing with reported rates of 0% to 6% [10-
15]. Concerns regarding female hip resurfacing have 
focused on the risk of fracture as a result of poorer bone 
density. Some groups suggest a lower age ceiling for 
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female resurfacing [11]. Beaule et al [16] showed that 
females may be at higher risk of early failure. 
The influence of age and sex on clinical outcome and 
Survivorship after hip resurfacing is still not clear. With the 
exception of Siebel et al [14], who compared early 
revision rates, to our knowledge there are no reported 
comparisons of hip resurfacing in males and females. 
Much of the resurfacing literature principally documents 
the outcome and survival of young men. Ng et al [17] 
showed that females have significantly lower functional 
s~ores after TRA when compared with men. This study 
alms to give a clearer picture of the effects of age and sex 
on Outcome after hip resurfacing. 
Materials and Methods 
Between April 2004 and January 2007, the first 254 
consecutive hips in 231 patients were resurfaced by the 
senior surgeon (A VFN) at an independent center. A VFN is 
an .experienced hip resurfacing surgeon with a previous 
s(enes of more than 150 Birmingham hip resurfacings 
BIiR). 
All patients were followed up prospectively. The mean 
age at the time of surgery was 56 years (range, 28-74 
rearS). There were 154 male and 100 female hips. Mean 
TOllo~-up time was 28 months (range, 12-45 months). 
( he diagnosis was primary osteoarthritis in 164 patients 
f6?%). There was no history of osteoporosis or renal 
aIlure in this cohort. Patient demo graphics, diagnosis, ~erican Society of Anesthesiologists (ASA) grade, and 
amley walking grade were recorded. 
-:here was no specific selection criteria, but young and 
active patients with end-stage primary and secondary 
OSteoarthritis were considered for resurfacing. Bone 
q~ality was assessed radiographically, and patients 
~h ered a resurfacing were told that a final decision on 
b e tyPe of implant (resurfacing or THA) would be made 
a ased on the intra operative findings. Large cysts and 
. vascular necrosis of the femoral head were not contra-Ind' . 1CatlOns. Patients were not routinely scanned for 
~~~eoPorosis. No patients reported previous metal sensi-
Ity reactions. 
p The articular surface replacement (ASR) resurfacing 
/osthesis (Depuy International Ltd, Leeds, United King-
c~m) Was used for the duration of the study. Design 
I anges over earlier designs (such as the BHR) include a 
tOwer radial clearance to reduce wear and a shallower cup 
f~ preserve acetabular bone stock [18]. Early outcome data 
T~m th: inventors' series of 300 has been reported [14]. 
n e deSign of the prosthesis and the surgical technique did 
°t change throughout the study period. 
th At the time the patient was listed for theater and during 
li~.consenting process, patients were made aware of the 
of Ited knowledge regarding the implant and the results 
an~ontemporary MonM articulations. Potential problems 
di theoretical risks associated with metal Ions were 
2~cUssed. Femoral neck fracture was quoted as 1.5% to 
ra~: All patients agreed to long-term clinical and 
lologic follow-up. 
All procedures were performed by the senior author. 
Patients were given a second generation cephalosporin 
antibiotic perioperatively and 2 further doses postopera-
tively as a prophylactic measure. Ten patients had bilateral 
simultaneous resurfacings. All other patients underwent a 
unilateral resurfacing procedure. The posterior approach 
was used. The external rotators were detached. In all 
cases, the acetabular component was implanted first with 
a press fit by underreaming the acetabulum by 1 mm, 
according to manufacturer's recommendations. The 
femoral head was sized according to neck diameter and 
then carefully reamed to avoid neck notching. The 
femoral head was then prepared. Any cysts were 
curettaged and grafted (using reamed bone), and the 
head cleaned with jet lavage. Low-viscosity vacuum-
mixed cement was poured into the femoral component 
that was then firmly tapped onto the reamed femoral 
head. The head was then reduced, and the external 
rotators reattached. The wound was closed in layers 
without a drain. 
To reduce the risk of a thromboembolic event, patients 
were given calf pumps during their inpatient stay and 
compression stockings from the day of surgery for 
6 weeks. High-risk patients were given subcutaneous 
low-molecular-weight heparin for 6 weeks, as per 
hospital guidelines. Postoperatively, patients were 
allowed to fully weight bear immediately unless there 
was an intra operative concern. For example, in patients 
with large cysts or if the femoral neck was notched, touch 
weight bearing was advised for 6 weeks. All patients were 
told to avoid high-impact sports such as jogging, tennis, 
and squash for 6 months. After this period, all restrictions 
were lifted. 
Clinical assessment was made preoperatively and at 
1 year postoperatively using the Rarris hip score (HRS) 
and the University of California Los Angeles (UCLA) 
activity score. Hips revised before the 1 year review were 
excluded from postoperative functional assessment. At 
follow-up, patients were also asked to rate their satisfac-
tion with the procedure (numerical scale 0-4). Patients 
scoring 3 or 4 were deemed "highly satisfied." Complica-
tions were recorded. Acetabular inclination angle was 
measured on postoperative radiographs. 
Patients were divided into 4 groups based on age ($;55 
and >55 years) and sex. Of the younger patients, 45 hips 
were female and 59 were male. The older groups consisted 
of 55 females and 95 males (Table 1). 
The Mann-Whitney U test and analysis of variance 
testing was j.lsed to calculate differences between groups. 
Spearman rank correlation coefficients between RRS and 
various clinical parameters were calculated. Kaplan-Meier 
implant survivorship was plotted for each group. All 
analyses were performed by the SSPS for Windows 
(version 16.0) statistical package (SSPS Inc, Chicago, Ill). 
Results 
There were no patients lost to follow-up, and there 
were no deaths. Rips of 8 patients have been revised 

















(3.3%). Five patients sustained femoral neck fractures 
(2.0%). Hips of 3 patients were revised for persisting 
severe pain (1.2%). There was one deep wound infection 
that was successfully treated with a wound debridement 
and intravenous antibiotics. There were no known 
thromboembolic events. 
At 1 year review. overall mean HHS for males was 97.0 
and for females. 90.7. Mean acetabular inclination angle 
in males was 47.4° and in females. 48.9° (overall. 48.0°; 
range. 31 °_63°). 
Harris hip score in young males was 96.4. and UCLA 
activity score was 7.9. There was a 100% implant survival 
rate (Fig. 1). All patients reported high satisfaction. In the 
older males. HHS improved to 97.4 and UCLA activity 
score to 7.5. Ninety-seven percent were highly satisfied. 
There were 2 femoral neck fractures. One patient was left 
with a superior neck notch after an intra operative femoral 
jig failure. Despite limited weight bearing. he sustained a 
neck fracture at 3 months postoperatively. The second 
male had a spontaneous fracture at 12 months. Both were 
revised before 1 year review. 
In young females. mean HHS improved to 95.6 and 
UCLA activity score to 6.9. There was one spontaneous 
neck fracture at 12 months. Eighty-two percent were 
highly satisfied. In the older females. mean HHS was 91.2 
and UCLA activity score 6.3 at the 1 year review. Eighty-
four percent were highly satisfied. There were 2 sponta-
neous fractures at 3 and 12 months. The second patient 
was reviewed at 1 week before their fracture and reported 
no problems and a HHS of 100. Both patients had a 
femoral neck notch intraoperatively. Fig. 1 shows a 
Kaplan-Meier survival plot for the 4 patient groups. 
Results are summarized in Table 1. 
The older female group had significantly lower HHS 
when compared with the 2 male groups (P < .01). 
However. there were no significant differences between 
the groups when improvement in HHS was calculated. In 
all patients. there was no significant correlation between 
HHS and age (r = 0.042; P = .29). This was also true 
when females were analyzed separately (r = 0.041; P = 
.36). Young females had a significantly higher body mass 
index (BMI) than older females (P = .04). but there was 
no significant correlation between HHS and BMI in all 
females (r = 0.190; P = .08). Older females had 
significantly lower preoperative UCLA activity scores 
compared with males (P = .01 for both groups) and 
significantly lower postoperative scores when compared 
with all groups (all P < .05). There were no significant 
differences in functional outcome between patients with 
osteoarthritis and those with other diagnoses (P = .84) 
and between Chamley walking grade A patients and 
other grades (P = .22). Except for sex and implant size (a 
function of sex). there were no other significant 
differences in HHS between the groups. and no other 
significant correlations. 
Four patients had a HHS less than 50 at follow-up (all 
female). One patient was satisfied with the resurfacing but 
was restricted by bilateral knee osteoarthritis. Hips of the 
other 3 patients were revised because of persisting severe 
groin pain. The original indication for resurfacing was 
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Pig. 1. A Kaplan-Meier surviva l plot of a ll groups. 
?steoarthritis in all 3 patients. These patients classica lly 
~~roved after surgery but then presented complaining of 
dlfhcu lty in getting into and out of their car and pain 
r~stricting flexion beyond 300 on straight leg raise. The 
hrst patient was 56 years old with a BMI of 31 kg/m2 and 
~~ ASA grade of I. She u nderwent local anesthetic 
~nJection .of her psoas tendon for a possible tendonitis, 
Ut despite an initial improvement. symptoms subse-
qUently Worsened. Hip aspiration was performed to ru le 
OUt infection. This revea led copious amounts of green-
gray colored aseptic fluid. A decision was taken to explore 
and revise the implant because of possible infection. At 
re .. 
VISion. there was gross swelling of the pseudocapsule. 
~nd a similar gree n-gray flu id was found surrounding the 
1~lant and tracking into the psoas tendon (Fig. 2 ). The 
Ot. er 2 patients were 36 and 61 years old. both ASA I. 
:Ith BMIs of 26 kg/m2 and 38 kg/m2. respective ly. They 
oth had similar findings at aspiration and revision. with Var . 
. YIng degrees of tissue necrosis found around the 
lrnplant. The acetabu lar cup was found to be loose in 
~~e patient. and radiographic review subsequently iden -
I led subtle cup migration. Histopa thologic analysis of 
p' Ig. 2 Ase . fl 'd 
rev' . . ptIC UI released from the pseudocapsu le at 
Withlslon of the MonM ASR resurfacing implant in patient 
ALVAL. 
tissue samples from these patients consistently showed 
tissue necrosis. cuffs of lymphocytes (Fig. 3). and sheets of 
histiocytes containing large unidentified black particles. 
probably metal particu late debris. In addition. the tissue 
from around the loose implant showed high numbers of 
lymphocytes and vascular tissue ulceration. There were no 
organisms grown from any of the fluid or tissue samples in 
any of the patients. 
All patients with neck fractures had successful femoral 
revision to an uncemented THA comprising a modular 
ASR XL head on an S-ROM (Depuy Internationa l Ltd. 
Leeds. United Kingdom) femoral stem. The acetabular cup 
was left in situ. Hips of patients revised for pain received 
a THA with an S-ROM stem and a ceramic Pinnacle 
(Depuy Internationa l Ltd. Leeds. United Ki ngdom) head 
and cup. At latest follow-up review. all 3 patients had a 
HHS greater than 80. 
Discussion 
Despite lower postoperative HHS and satisfaction 
scores in fema les compared with ma le patients. improve-
ments in functional score~ after resurfacing do not 
significantly differ between the sexes. Ng et al (171 has 
Fig. 3. Photomicrography of tissue samples from revision 
of a loose MonM AS R (hematoxylin and eosin) . A. The 
thick cuff of perivascular lymphocytes that is typically seen 
in layer 3 or the vascular layer of neocapsules formed 
around metal on metal prostheses (x20 magnification). B. 
Large. dense perivascu lar cuffs of lymphocytes (x40) . 
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previously reported similar significant differences in 
POstoperative scores after THA. The postoperative HHS 
~ both the male groups was extremely encouraging and 
Justifies its continued use. The results in our male cohort 
mirrors the published data for hip resurfacing (in which 
there are only small numbers of females). In 154 hip 
resurfacings performed on male hips, there were only 2 
fractures in the older group and 100% survivorship in 
the younger group. However, as expected, older females 
(~ho have not traditionally been candidates for resurfa-
Clllg) did have a higher complication rate and lower 
mean HHS than the other groups. It must be stressed 
that, despite this, 83% of this group have a good or 
excellent HHS (>80), and 84% were highly satisfied with 
the Outcome. 
There were no statistically significant associations with 
~ge, .ASA status, Charnley grade, diagnosis, and the 
functIOnal outcome. Poorer bone quality in the older 
emale patient has been cited as a cause of fracture in 
this group. In our study, the rate of fracture was 3.6% in 
the older female group. However, the overall fracture 
:ate Was 2.0%. These figures are comparable to reports 
In the literature from independent units with other 
resurfacing implants and similar to the inventors' 
eXperience of 300 ASRs (1.7%) [14]. Shimmin et al p 5] showed that female patients had twice the risk of 
/acture as males, and notching of the neck was a risk 
;ctor for fracture. In 3 cases (of 5 fractures), the neck 
ad been notched at the time of surgery. We question 
the rationale of continuing with a resurfacing procedure 
once a notch to the femoral neck has been identified and 
SUggest that surgeons should consider conversion to THA 
at this point. 
. Three female patients were revised because of persist-
Ing undiagnosed pain. Although an improvement was 
apparent after treatment of tendonitis in one, this was 
short-lived. Microbiological analysis of tissue samples 
Was negative. In the 1970s, there was a high incidence of 
irosthesiS failure after implantation with MonM bearings 
19]. Obliterative vascular changes, local bone necrosis, 
~nd loosening of the metal prosthesis have previously 
een described around metal implants [20}. More 
~eCently, Jacobs and Hallab [21] described an aseptic 
(~mPhocyte-dominated, vasculitis-associated lesion 
LVAL) in the tissue around MonM bearings. Char-
acter' . IStIc microscopic appearances have been seen 
arOUnd many different MonM implants and may 
~~res:nt a natural reaction to metal wear debris [21]. 
a e histologic changes identified on samples taken from 
l'~ound the loose implant in our series showed AL V AL. 
tu e other 2 patients with revised hips had well-fixed 
".is, and tissue analysis revealed changes similar to 
of VAL. These changes may be attributable to high levels 
g metal wear debris. Running-in wear can produce a 
fira~ flUid [22], and this may explain the macroscopic t~dlngs, but not pain, It is more likely that symptoms are 
h,e result of an excess of inflammatory fluid around the 
Ip jOint resulting in tissues stretched under tension. 
ti ~e the failures in our group caused by a hypersensi-
VIty reaction to "normal" levels of metal wear particles, 
or is this a local reaction to excess metal debris from a 
high-wear bearing, eventually resulting in osteolysis? The 
answer to this is not clear. Vendittoli et al [23] analyzed 
cobalt and chromium levels in patients resurfaced with an 
implant similar in design to the ASR. Their results showed 
that inclination of the acetabular component correlated 
significantly with metal ion levels at 1 year postopera-
tively. High cup inclination angles result in component 
malalignment and possibly accelerated wear. An open cup 
angle of more than 50° has been associated with 
dramatically elevated metal ion blood levels in patients 
with MonM bearings [24]. Given the spread of inclination 
angles seen in the literature (23°-63°), many surgeons 
may inadvertently place their cups at angles more than 
50°. The range of inclination angles was similar in our 
patients. Inclination angles were 50°, 54°, and 55° in our 
problem patient group. However, 98 patients had a cup 
inclination angle greater than 50° without symptoms, 
The population studied in this article represents a 
normal district hospital workload rather than the 
specially selected patient groups described in much of 
the resurfacing literature. The senior surgeon was 
prepared to offer resurfacing to patients who may fall 
outside the inclusion criteria of specialist centers because 
of his experience and the perceived benefits. An upper 
age limit was not set, but the decision to offer resurfacing 
was based on physiologic age. Moreover, this is a 
consecutive series of all ages, all diagnoses, and all 
activity levels included rather than a specific subset of 
patients from a larger study. To this end, we feel the early 
results of this new prosthesis are extremely encouraging 
in male patients, Our fracture rates across all groups are 
comparable to the published data. However, we have 
some reservations about resurfacing hips of older females 
until there is clearer data on risk factors for implant 
failure. Ultimately, these problems may be technique-
specific rather than sex-specific. 
Implant survival in the female group may be compro-
mised by inadequate patient selection, inaccurate surgical 
technique, implant problems, or a combination of these 
factors. Surgical inexperience and higher failure rates in 
resurfaced hips of females may explain some disappoint-
ing joint register results [25J. Awareness of notched 
necks and early conversion to THA and further investiga-
tions of cup positioning may ultimately reduce the failure 
rates. Our data help to understand the excellent results 
published in the literature in principally younger male 
cohorts. We are committed to long-term follow-up of our 
patients to. enhance our knowledge of these implants, 
improve our selection process, reduce failure rates, and 
ultimately perform the most suitable operation for each 
individual patient. 
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Cup Anteversion in Hip Resurfacing: Validation of 
EBRA and the Presentation of a Simple Clinical 
Grading System 
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Abstract: The use of large metal on metal bearings has led to a reduction in the risk of dislocation 
post hip arthroplasty. Because of this, and also because of the technical difficulties associated with 
resurfacing surgery in particular, it could be argued that a less meticulous approach to acetabular 
cup placement has developed in comparison with conventional metal on polyethylene arthroplasty. 
Resurfacing cups may produce significant clinical problems when placed at the extremes of version, 
including increased production of metal debris and psoas tendonitis. Presented in this article is 
evidence that EBRA software (Einzel-Bild-Roentgen-Analysis, University of Innsbruck, Austria) can 
be used to reliably assess the version of resurfacing cups, when radiographs are of sufficient quality. 
The cups have characteristic appearances when placed at the extremes of version. These 
characteristics can allow the surgeon to identify poorly positioned cups without the use of 
software. Keywords: hip, arthroplasty, resurfacing, acetabular, anteversion, EBRA. 
© 2010 Elsevier Inc. All rights reserved. 
~Cetabular component orientation during conventional 
otal hip arthroplasty is critical for stability, post operative 
range of motion, polyethylene wear, pelvic osteolysis, and 
~OnlPOnent migration [1-5]. Much attention has already 
;en focused on the anteversion of the acetabular cup 
mUh the primary aim being to define the most stable 
d' echanical situation in order to reduce the risk of ~~location. No absolute consensus has been achieved, 
mlth Suggested angles ranging from 0° to 30°, although 
I. Ost Surgeons regard 10° of radiological anteversion to be oSUff' . IGent and 30° to be excessive [6-11]. 
[l;he greater stability afforded by larger components 
I -14} has anecdotally led to a misplaced acceptance of 
ess met' I .. d' f . arth ICU ous cup onentatlOn urmg resur acmg 
roplasty. Recently, however, the importance of 
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resurfacing cup position has been established with the 
recognition that higher inclination angles are associated 
with an increase in blood metal ion levels [15]. 
Recently published work has identified a positive 
relationship between increasing anteversion and blood 
metal ion levels [16]. Cups with little or no anteversion 
may also be associated with increased metal ion levels 
and other problems including psoas irritation [17,18] 
and reduced flexion due to anterior impingement [19]. 
A grading system which would allow the surgeon to 
recognize a cup at the extremes of version may provide 
guidance for utilisation of further diagnostic tests or 
therapeutic intervention, 
EBRA (Einzel-Bild-Roentgen-Analysis, University of 
Innsbruck, Austria) is a method of assessing radiological 
anteversion from pelvic anteroposterior (AP) radio-
graphs using a computer software package [201. EBRA 
allows the user to input pelvic/spinal landmarks to 
compensate for changes in the position of the pelvis. The 
software has previously been validated in numerous hip 
arthroplasty studies [20-21]. EBRA has also been used 
to assess femoral component migration in resurfacing 
arthroplasty [22]. 
We sought to determine whether EBRA can accurately 
assess radiological anteversion of commonly used resur-
facing implants. We also wanted to investigate the 
possibility that certain cup orientations have hallmark 
appearances allowing a clinically adequate assessment of 
version to be made by eye. 
607 
608 The Journal of Arthroplasty Vol. 25 No. 4 June 2010 
Methods 
We obtained the unused femora l and acetabular 
components of one ASR (Articular surface Replace-
~ent, DePuy, Leeds, United Kingdom) and one 
Birmingham hip resurfaci ng (BRR) device (Smith and 
Nephew, Warwick, United Kingdom) (cup sizes, 56 and 
52 mm, respectively). 
Plasticine moulds were fashioned to imbed the 
aCetabular components in varying inclinations and 
versions on a radiolucent table. · A horizontal grid was 
marked using the horizontal reference laser of the x 
ray apparatus. Radio opaque markers were placed 
around the implant to simulate position of the pubic 
rami, pelvic brim, obturator foramen and pubic 
SYmphysis. The x-ray beam was center over the pubic 
:~mphYSiS before each exposure [23]. Because of the 
sence of the soft tissue envelope, the x-ray intensity 
~as reduced to 60 kV 12.5 mA/s in order to recreate 
A.re sharpness of the implant images obtained in vivo. 
v/er each AP exposure, a latera l image was captured 
rllh the x-ra y beam directed perpendicular to the axis 
o the cup. From this second image, the version of the 
~~ could be determined accurately using standard 
l~~tal IM~AX software (IMPAX AGFA IMPAX ES Web 
g' 0 versIOn 5.1, Agfa-Gevaert Group, MortSeL Bel-
i~um) by measuring the angle subtended at the 
Fi terSection of the vertical and the cup rim (see 
c g. 1). To recreate the joint in vivo, the femoral 
:mponent was placed in the cup and fixed in the 
re~l1.ld at an anteversion angle of 10° (measured 
140~IV~ to the plane of the radiolucent table) and 
h . 10 the anteroposterior plane relative to the ~IZOntal reference line. 
Co WentY-five radiographs were obta ined with the ASR 
vem?onents in non sequentia l degrees of inclination and 
Pr [Slons. The radiographs were labelled Al to A25. This 
Wi~~ess Was then repeated using the Birmingham implant 
j:l' the radiographs being labelled B 1 to B25 . 
det~ve ?f the authors then used EBRA individually to 
]jir~.mU1e angles of anteversion from 15 ASR and 15 
Ingham images randomly selected from the pool of 
Fig. 1 . 
digit li Precise measurements of version were taken using a 
1'he a Y created vertical plumline (graphical representation). 
aCet ~.ray beam was orientated exactly perpendicular to the 
a ular axis for the latera l images. 
Fig. 2. The ASR cup has an obvious "doubled stepped " rim. The 
white arrow corresponds to the cup vertex. The cup head 
junction is shown by the black arrow. 
50 images . One author is highly experienced with the 
use of the software wh ile the remaining four were first 
time users. All authors were blinded to the angles of 
version obtained from the lateral views. The mea sure-
ments were recorded and compared to the angles of 
version recorded by a separate observer from the 
secondary images of the implants. Paired t tests were 
used to identify significant differences between observer 
EBRA measurements and those obtained from the 
lateral images. Significance was taken as P < .05. 
Statistica l analysis was performed using Windows 
SPSS software, version 16.0. Each individual observer 
measurement was plotted aga inst values obtained from 
the latera l radiographs on Bland Airman charts to assess 
the su itability of the software for clinical use [24]. 
Repeated measurements to assess intra observer error 
were not performed. 
A second st udy was carried out to assess the 
effectiveness of a clinical grading system. The grading 
system was developed by performing a series of radio-
graphs of the resurfacing cups positioned in increasing 
degrees of anteversion and observing the diHerence in 
the appearance of the cup vertices. "Ve rtices" refer to 
the protuberant apices of tb e cup above the femoral 
component. In a neutral/near neutral version, the 
vertices appear sharp and clearly defined (see Fig. 2). 
As can be seen from Figs. 2 and 3A, the ASR has a 
double step rim design . Betwee n 10° and 20° of 
anteversion, the vertices take on a more rounded 
appearance (Fig. 3B). As version increases, they lose 
their definition to an increasing extent (Fig. 3C) until 
they become completely obscured at anteversions 
greater than approximately 30° (Pig. 3D). 
All the ASR and Birmingham radiographs were shown 
to eight registrars and two consu ltants in the orthopedic 
department. They were asked to grade the extent of 
version using the following system: 
1. Cup vertices clearly vis ible and sharp. Lines joining 
the superior and inferior cup vertices with the 
respective cup head vertices (Pig. 3A) intersect 
with in the femoral head (-10 to 10° of version). Por 
the double stepped appearance of the ASR rim, the 
inferior vertices are selected for this process. 
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Fig. 3. (A) Grade 1 anteversion (-10° to 10°). A line connecting 
~he cup vertex to the cup head junction is continued inferiorly to 
I~tersect the opposing line created by joining the same points 9n 
~ e other side of the cup. (B) Grade 2 anteversion (10°-20°). (C) 
rade 3 anteversion (20-30°). (D) Grade 4 anteversion (>30°). 
2. Cup vertices clearly visible but slightly rounded. 
Vertex lines intersect between the femoral head 
and the mid point of the femoral stem (loo-20° of 
antevers ion) (Fig. 3B) . 
3. Cup vertices obviously rounded but just identifiable. 
Vertex lines intersect distal to the stem of the femoral 
component (20°-30° of anteversion) (Fig. 3C). 
4. Cup vertices impossible to identify (>30° of antever-
Sion) (Fig. 3~). 
Given that in this particular study there is a "gold 
Standard" measure of radiological anteversion, interob-
server reliability was assessed by comparison of the 
grad' 
ob ~ng of the cups by each observer with the grades 
w t.amed from the lateral images. A chance-corrected, 
belghted agreement index k was calculated for each ~f server [25]. The K coefficient adjusts for the proportion 
p . agreement between observations by correcting [or the 
c~OPOrtion of agreement that could have occurred by 
a ance. I( Coefficients range from +1.0 (complete 
e gteement) to less than 0.0 (less agreement than that 
XPected by chance). 
Results 
ASR Analysis 
p ~he Observer measurement errors can be seen in Fig. 4. 
e al~ed t tests identified no significant differences between fr~c observer's EBRA measurements and those obtained 
re rn the lateral images (Table 1). All but one of the rntr~Verted cups were not recognized, leading to large 
tu aJ(l~al errors. Given the relative paucity of retroverted 
et Ps In clinkal practice, we felt it reasonable to exclude 
1'11~~:s ariSing from retroversion in the calculation of the 
1mum, mean and standard errors of each observer. 
These values can be seen in Table 2. A Bland Altman plot 
is shown in Fig. 5. 
BHR analysis 
The individual observer measurement errors can be 
seen in Fig. 6. Paired t tests identified no Significant 
differences between each observer's EBRA measure-
ments and those obtained from the lateral images. As 
with the ASR, the majority of the retroverted cups were 
not recognized as such. Therefore we have again 
excluded these measurements from the calculation of 
the observers' maximum, mean and standard errors (see 
Table 3). A Bland Altman plot is shown in Fig. 7. 
Clinical Grading System 
The sensitivi ty and specificity of the clinical grading 
system can be seen in Table 4. Cups with version ranging 
from 5° of retroversion to 5° of anteversion were graded 
"1" accurately on every occasion. This was the same case 
with cups placed in greater than 35° of anteversion (grade 
4). However, grading errors occurred when cups were 
placed with versions near the boundaries of the grades. 
As a result, grades of 1 and 4 showed high specificity [or 
both the ASR and BRR cups but reduced sensitivity. The 
observers found it more di[ficult to accurately designate 
cups a grade of 2 or 3, reflecting the more subtle changes 
in the appearance of the vertices between these grades 
compared to grades 1 and 4 (Fig. 8). The reliability I( 
coefficients for each observer's set of grades can be seen in 
Table 5. Svanholm et al [26] defined K coe[ficients of 0.50 
to 0.75 as "fair" acceptability and coefficients above 0.75 
as having good to excellent acceptability. 
Discussion 
Although inclination may be reliably assessed using a 
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Fig. 4. Observer errors for all the ASR EBRA m easurements. 
The inferior, middle, and superior horizontal lines of the boxes 
represent the first, median, and third quartiles . The ends of the 
·whiskers" correspond to the limits of the data, beyond which 
values are considered anomalous. The mean is displayed with a 
.+", and upper and upper and lower va lues with •• •. 
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Table 1. Significance Values for Paired t tests Between Each 
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s~ruggled to adequately quantify cup anteversion using 
s~rn~le, cost-effective methods. A recent study illustrated 
~ e Inaccuracies occurring in calculation of anteversion 
rorn plain radiographs due to variation in pelvic tilt, 
rOtation, and obliquity [27]. Even the concept of 
anteversion itself has caused confusion [28] . Murray 
made the point that when discussi ng "a nteversion," it 
mUst always be made clear whether this is a reference to 
~na~ornical, operative, or radiological anteversion [29]. 
adlographic anteversion is measured by proj ecting the 
a~etabulum axis to the plane perpendicular to the coronal 
Pane and the plane of the acetabulum. Operative 
anteversion is measured by projecting the sa me vector 
On to the sagittal plane [30]. 
r ~.ur results show that EBRA can reliably determine the 
aa lological anteversion of resurfacing cups to a clinically 
fi~cep~able level of accuracy. It does this by creating a best 
13 elhpse from the landmarks inputted by the user. 
P ecause it relies on the ellipse rather than the cup itse lf to 
A~rform the calculations, EBRA can still be used for the 
th R cup, which is subhemispheric in design. However, 
an~SOftware is not capable of dist.inguishing between ante 
o retroversion itself but provides 2 possible solutions, 
n ne POsitive and one negative (positive for anteversion, 
thegative for retroversion) for the clinician to decide. As 
toe results ill ustrate, it can frequ ently be difficu lt to 
Ac~~Ctly identify a retroverted cup. This is clearly the 
Pr llies heel of the software . We believe this should only 
to:sent a problem should the cup be placed in more than 
nli of retroversion, when a malpositioned cup may be 
Po Staken for one in an acceptable position . Cups in such 
l'l1aor.POsition are rare in our experience and are likely to 
of ~.lfest themselves clinically with an obvious restriction 
ne lp f1e xion . Cups placed within 10° either side of the 
inslltr?lyoSition (which many authors would agree is an 
senU.r~cl.ent amount of version) are identified with high 
gta~~ttvlty and specificity by EBRA and the clinical 
lng system. 
'table ~b 2. Observer Error Measurements for Ihe ASR Group 
serv ~ 1 2 345 
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Fig. 5. Bland AJrman plot of the ASR EBRA observer measure-
ments against those obtained from the late ral images. Horizontal 
broken lines denote overall mean error ± 1.96 SD (these errors 
excl ude retroverted cups). 
A limitation of this study is the absence of inter and 
intra observer reliability measures. In defense of this, 
the object of this investigation was to determine the 
accuracy of the software in a controlled environment 
where the degree of anteversion was known. The 
interobserver reliability of EB RA has already been 
published [17,20,21]. 
The clinical grading system presented in this article 
cannot determine cup version precisely. It should be 
noted also that occaSionally it proves impossible to 
create the intersecting lines due to a gross increase in 
cup inclination angle or excessive femoral component 
valgus/anteversion. However, the strength of the grad -
ing system lies in its ability to identify, with a high 
deg ree of sensitivity, resurfacing cups placed at the 
extremes of anteversion. The grading of these cups is 
independent of femoral orientation and cup inclina tion . 
Only at these extremes does cup version per se ca use 
problems such as bone on prosthesis impingement, 
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Fig. 6. Observer errors for a ll the BHR EBRA measurements. 
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~ble 3. Observer Error Measurements for the BHR Group 
~erver I 2 3 4 5 
Range (0) 11.83 11 .59 10.68 11.99 13.1 
M.edian (0) 1.8 2.26 
Mean (0) 1.1 I 0.78 
~O) 2.97 3.68 
2.76 1.02 1.9 
1.83 0.97 1.62 
2.45 2.61 2.52 
These errors exclude re troverted cups. 
[17-19]. The grading system proved to be more reliable 
overall for the BRR cup due to the radiographic 
appearance of the ASR cup rim hindering the ability 
to distinguish between grades 2 and 3, in particular. le 
Coefficients showed fair to excellent reliability for al.l 
Observers [or both cups, however. 
Ithas been recognized that there are major limitations in 
the assessment of cup version using plain film radiogra-
~hy. The position of the patient's pelvis in terms of pelvic 
~11t, rotation, and obliquity can lead to unacceptable 
:~accuracy if not t.ak~n in to acco~ll1t [23]. EBR-: allo~s 
e user to place gndlmes over vanous landmarks III order 
to compensate for these problems. We do not, however, 
uSe obviously rotated films in the assessment of cup 
POsitions in our clinical practice and research work. 
A.ccuracy of observations (including recognition of retro-
~~rSion) increases with the number of standardized AP 
I ms ava ilabl e [or interpretation [21] . 
Computed tomography (CT) has been advocated as the 
~~ly reliable determinant of cup anteversion [311. 
th though we agree that CT with 3D reconstruction is 
t e mOst accurate method to assess cup orientation in 
errns of anatomica l values referenced from the anterior 
~elvic plane, we believe that it has a number of draw-
r ac~s. Clearly, CT exposes the patients to a greater dose of 
ad lation, it is more expensive and time consuming .in 
~omparison to plain radiographs and is not a lways 
iOUtinely available. We also believe that, in terms of 




1<1 Version (D) 
Ill;' 7. Bland Altman plot of the BHR EBRA observer 
110 ~surements against those obtained from the lateral images. 
(lh.:~zOntal broken lines denote overa ll mean error ± 1.96 SD 
e errors exclude retrove rted cups). 
Table 4. The Clin ical Grading System Results 
ASR BHR 
Sensitivity Specificity Sensitivity Specificity 
(% ) (% ) (% ) (% ) 
Grade I 100 98.3 100 94.1 
Grade 2 71.1 90.0 83.5 92.5 
Grade 3 82 .9 77 .0 85.4 89.9 
Grade 4 96.0 94.2 90.0 99.0 
TOIal ASR gradings (n = 250). Total BHR gradings (n = 250). 
wear debris, assessment of the patient in the standing, 
weight-bearing position is preferable to images generated 
wh ile the patient is supine. There is considerable 
variation in pelvic anteversion in the lying and standing 
positions of individual patients. One study found a mean 
difference in pelvic antevers ion of 6.70 in the standing 
positions of 24 patients compared to their lying positions 
[321. A CT examination is always performed with the 
patient supine, whereas impingement processes, which 
may be accompankd by frank dislocation, are dynamic 
processes which occur during changes of position. 
Lewinnek [10] famously described the "safe zone" for 
stabi lity but later studies have suggested that dislocation is 
not always a complicat ion of a poorly orientated joint 
[33] . Pierchon et al found the same rate of dislocation in 
hips in wh ich cups were "well positioned" as oppose to 
those described as "poorly positioned." Cups which 
appear well positioned at the time of surgery and, also, 
on the CT images, may become excessively anteverted or 
even retroverted when the patient is standing [321. 
Conclusion 
Although dislocation does not appear to be the sa me 
threat as found in conventional hip arthroplasty, 
extremes of version may present new problems in large 
bearing metal joints. Excessive anteversion may cause 
reduced head coverage, posterior impingement and 
increased production of metal debris along with the 
associated theoretical health hazards. Insufficient ante-
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Fig. 8 . . Each observer grade plotted aga inst "true grades" 
determined from the lateral radiographs. 
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Table 5. K Coefficients of Agreement for Each Observer's Set of 
Grades Compared to the Values Obtained From Lateral Images 
@.ASR grades and 25 BHR grades for each observer) 


























IQ 0.55 0.75 
0.79 0.78 -----------------------~~----------------~~ 
and lack of bony coverage of the anterior lip of the cup 
may result in psoas tendonitis. The clinical grading system 
PreSented in this paper can provide a useful rapid 
scre . 
emng tool for potential problems caused by cup 
malalignment and aid the surgeon's decision making· 
Process in regard to further investigations. EBRA can 
Provide a reliable quantifiable assessment of radiological 
~nteversion in the standing position. The main drawback 
IS that inexperienced users may fail to identify cup 
retroversion. Good quality, standardized radiographs are· 
esse . I ntla for accurate measurements to be obtained. 
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The effect of component size and orientation 
on the concentrations of metal ions after 
resurfacing arthroplasty of the hip 
Increased concentrations of metal ions after metal-on-metal resurfacing arthroplasty of the 
hip remain a concern. Although there has been no proven link to long-term health problems 
or early prosthetic failure, variables associated with high metal ion concentrations should 
be identified and, if possible, corrected. Our study provides data on metal ion levels from a 
series of 76 consecutive patients (76 hips) after resurfacing arthroplasty with the Articular 
Surface Replacement. Chromium and cobalt ion concentrations in the whole blood of 
patients with smaller (~51 mm) femoral components were significantly higher than in those 
with the larger (~53 mm) components (p < 0.01). Ion concentrations in the former group 
were significantly related to :the inclination (p = 0.01) and anteversion (p = 0.01) of the 
acetabular component. The same relationships were not significant in the patients with 
larger femoral components (p = 0.61 and p = 0.49r respectively). Accurate positioning of the 
acetabular component intra-operatively is essential in order to reduce the concentration of 
metal ions in the blood after hip resurfacing arthroplasty with the Articular Surface 
Replacement implant. 
The use of metal-on-metal hip resurfacing 
arthroplasty continues to grow despite con-
cerns about the potential consequences of 
chronic exposure to metal ions.1 Currently, 
there is no firm evidence to suggest that there is 
an accumulation of metal particles or an 
increased risk of systemic or end-organ disease 
in patients with metal implants.2-4 However, 
the potential of metal-on-metal arthroplasty to 
trigger mutations leading to increased suscepti-
bility to malignant transformation has been 
suggested.s Pre-malignant changes in the 
bone marrow adjacent to total hip replace-. 
ment (THR) implants have been reported.6-8 
Further concerns include the possibility of 
delayed-type hypersensitivity reactions9,10 and 
teratogenicity.ll 
It is likely that the systemic concentrations 
of metal ions are directly related to the rate of 
wear of the components. To date, results from 
tribological studies have proposed that wear 
rates could be reduced by decreasing the clear-
ance and surface roughness, and by increasing 
the sphericity and carbon content of the com-
ponents. 12-17 An experimental study has sug-
gested that larger components are more likely 
to produce a thicker fluid film between the 
articular surfaces.14 They also provide larger 
surface areas over which contact stresses are 
distributed.18 
A meaningful comparison of the results 
reported so far is difficult because of the differ-
ent types of sample and analytical methods 
used. Daniel et al19 concluded that measure-
ments in whole blood samples using 
inductively-coupled plasma mass spectrometry 
were more sensitive than those obtained from 
serum samples using graphite furnace atomic 
absorption spectrometry. The former has the 
ability to overcome any interference caused by 
the complex matrix in whole blood,2o making 
it a more reliable method for measuring levels 
of metal ions. The concentrations of metal ions 
in serum samples, measured with graphite fur-
nace atomic absorption spectrometry, may fall 
outside the limits of detection, with values 
often assigned arbitrary figures. 21 
Furthermore, analysis of serum is not sensi-
tive enough to detect placental transmission 
of metal ions.22 This type of transmission has 
been proven to occur when high-resolution 
inductively-coupled plasma-mass spectro-
mentry was used to analyse whole blood 
samples. 11 
The process leading to the release of metal 
ions into the systemic circulation is complex, 
and is thought to be determined by patient-
related, surgical technique-related and implant-
specific variables. Rim contact, impingement, 
acetabular component deformation, point 
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Table I. Clinical details, radiological measurements and outcome data in the 76 patients 
Number 
Mean age in years (range) 
Male:female 
Mean follow-up in months (range) 
Mean body mass index in kg/m2 (range) 
Mean ASA* score (range) 
Number of Charnley grade A patients (%) 
Number with osteoarthritis (%) 
55 (35 to 74) 
49:27 
26 (13 to 44) 
26 (19 to 32) 
1.6 (1 to 3) 
48 (63) 
49 (64) 
Median diameter of femoral component in mm (range) 49 (41 to 59) 
48.5 (32 to 62) 
19.8 (7 to 37) 
Mean inclination angle in • of acetabular component (range) 
Mean anteversion angle of the acetabular component in degrees 
(range) 
Mean stem-neck angle in degrees (range) 
Mean outcome scores (range) 
Harris hip score 
UCLA t activity score 
Median serum metal ion levels in J.l9/1 (range) 
Chromium 
Cobalt 
8.5 (-8 to 28) 
94 (35 to 100) 
7.4 (3 to 10) 
3.61 (0.6 to 115.0) 
1.89 (0.4 to 228.0) 
Median whole blood metal ion levels in J.lglI (range) 
Chromium 3.42 (1.5 to 69.8) 
1.99 (0.4 to 271.0) Cobalt 
* ASA, American Society of Anesthesiologists 
t UCLA, University of California, Los Angeles 
~a.din~, sliding distance and the thickness of the lubricating 
.uld fIlm can all influence the extent of a metal ion genera-
tlon.23 We believe that the alignment of both the femoral 
and acetabular components is critical to this process. We 
e.lCpect larger implants to have improved wear characteris-
tICS and to be associated with reduced systemic ion concen-
trations because of improved fluid-film lubrication. 
. We have therefore analysed the effect of these variables 
I~ a large series of consecutive patients with a wide range of 
SIzes of the femoral component. 
Patients and Methods ~tween April 2004 and August 2006, the senior author 
f ~FN) performed the first consecutive series of hip resur-
actng arthroplasties using the Articular Surface Replace-
~.ent (ASR; DePuy International Ltd, Leeds, United 
.Ingdom). These patients were enrolled in a prospective, 
SI~gl~-surgeon, independent study. Informed consent was 
~ tatn: d from the patients at the time of their operations. All 
I e PatIents agreed to long-term clinical and radiological fol-
IOw-uP and to post-operative measurement of metal ion 
eev~ls in whole blood. Specific exclusion criteria were bilat-
t~a ~esurfacing arthroplasties and other metal implants at 
u e ttme of blood sampling. Patients with abnormal serum 
r rea/creatinine concentrations were not considered for hip 
:surfacing, since impaired renal function can result in dra-
"lar r ICaUy elevated serum chromiun (Cr) and Co concentra-
IOns 24 Bl . Ill' ood samples were obtained at more than 12 
Onths after operation when the implants were anticipated 
to have passed the 'bedding-in' phase and, theoretically, had 
reached a steady-state wear.25,26 This series represents the 
first 76 patients to meet the above criteria. Their clinical 
details are summarised in Table I. The mean follow-up was 
26 months (13 to 44). 
The ASR prosthesis. The femoral and acetabular compo-
nents are made of cast high-carbon-Cr-Co-alloy. The sur-
face roughness (Ra) should be no greater than 0.05 Ilm, the 
deviation from full sphericity less than 10 Ilm and the radial 
clearance less than 10 Ilm (manufacturer's data; DePuy 
International). The prosthesis is intended for hybrid fixa-
tion, with a cemented femoral component and a press-fit 
cementless acetabular component with an external porous 
coating (Porocoat, Depuy, Warsaw, Indiana) with a volume 
of porosity of between 40% and 50%. The acetabular com-
ponent subtends less than a hemisphere to allow for shal-
lower seating and potential preservation of acetabular bone 
stock. The design of the implant and the surgical technique 
(posterior surgical approach) did not change throughout 
the study period. The median diameter of the femoral com-
ponents used was 46 mm in women and 51 mm in men 
(41 to 59). 
Metal ion sampling and analysis. Venous cannulation was 
performed with a 21-gauge stainless-steel needle (Venflon, 
Becton Dickinson, Helsingborg, Sweden), with disposal of 
the first 5 ml of blood to avoid contamination. All samples 
were frozen and sent for blinded trace-element analysis to 
the Biochemistry Department of the Royal Surrey County 
Hospital, Guildford, United Kingdom. 
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Fig. 1 
~Ost-operative radiograph showing the measurements performed (lA, 
Inclination angle; SNA, stem-neck angle; SSA, stem-shaft angle). 
The concentrations of Cr and Co in serum, whole blood 
and erythrocytes were measured using inductively-coupled 
mass spectrometry. 
The measured isotopes were 52Cr and 59Co. Collision cell 
mode, using 7% hydrogen in helium, was adopted to 
eliminate isotopic interferences. Blood samples were 
diluted 50-fold in 1 % v/v nitric acid containing germanium 
as an internal standa rd. The analysis was calibrated using 
matrix-matched standard so lutions prepared in horse 
blood. A series of reference materia ls was analysed within 
the same analytical run to demonstrate the accuracy of the 
results. The concentrations of metal ions was expressed as 
micrograms per litre (/lg/I), 
Radiological measurements. These were obtained from 
digital post-operative sta nding anteroposterior pelvic 
radiographs, with the patients in their natura l weight-
bearing position, Care was taken to minimise pelvic malro-
tation. The AGFA IMPAX ES Web 1000 version 5.1 (Agfa-
Gevaert Group, Mortsel, Belgium) and Einzel-Bild-Roent-
gen-Analyse (EBRA, University of Innsbruck, Innsbruck, 
AUstria) software were used for analysis. All the angles 
described were radiological. These may have differed from 
anatomical angles and angles measured intra-operativelyP 
All the radiological measurements were performed by two 
of the authors (DJL and SSJ) a nd the mean values were 
used. They preceded the metal ion analyses. The following 
measurements were made (Fig. 1): 
Inclination of the acetabular component. The ASR acetabu-
lar component has an obvious change in contour at the 
OUtermost limits of the convex surface , The superolateral 
~nd inferomedial apices were identified and joined. This 
~lne Was extended inferiorly to subtend an angle with the 
Inter-teardrop line. Plain radiography has been shown to be 
a reliable method of measuring the inclination of acetabular 
components.28 Measurements performed using IMPAX 
Software were compared with those obtained with EBRA. 
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Acetabular version. This was ana lysed using EBRA soft-
ware, a method previously va lidated in the literature.29,30 
The stem-shaft angle. In order to determine the angle at 
which the femoral component was positioned, relative to 
the femoral shaft in the coronal plane, a line was drawn 
perpendicular to the base of the component. The angle sub-
tended by this line and the anatomical axis of the proximal 
femur was defined as the stem-shaft angle. This was pre-
ferred to measurements using the prosthetic stem as a refer-
ence because the ASR stem has a tapered configuration, 
Stem-neck alignment. This was calculated by subtracti ng 
the pre-operative femoral neck-shaft angle from the stem-
shaft angle. The resulting figures were assigned positive 
values when the femoral component was a ligned in relative 
valgus, and negative values if a ligned in relative varus. 
Statistical analysis. The results were analysed using Spear-
man's correlation analysis by calculating the correlation 
coefficient (r) between the independent variables (radio-
logica l measurements, gender, age, the duration of follow-
up, the University of California, Los Angeles (UCLA) activ-
ity score31 at most recent follow-up and the dependent vari-
ables (Cr and Co concentrations)). Statistical significa nce 
was defined as p ~ 0.05. Once statistica ll y-significant corre-
lations had been identified, the respective variables were 
put forward for multiple linear regression analysis. Statisti-
cal a nalysis was carried out using SPSS version 16.0 (SPSS 
Inc., Chicago, Illinois) . 
Results 
The concentration of meta l ions in whole blood is regarded 
as the most accurate representation of systemic exposure to 
meta1. 11 ,25 Serum a nd whole blood concentrations were 
found to correlate well with each other for both Cr and Co 
(r = 0.917, p < 0.001, r = 0.851, p < 0.001, r = 0.890, 
p < 0.001 and r = 0.965, p < 0.001, respectively; Table TT) . 
Thus, we used the whole blood ion concentrations through-
out the study. The concentration of Cr in whole blood 
strongly correlated with that of Co (r = 0. 890, p < 0.001). 
For convenience, therefore, the results for Cr were used in 
the graphica l ana lyses. 
One female patient had revision at 14 months post-
operatively because of aseptic loosening. Her whole blood 
Cr a nd Co concentrations immediately before revision were 
5.25 /lg/I a nd 7.82 /lg/I , respectively. No other patient in the 
series has undergone or is awaiting revision. 
Reliability of meas urements. Measurements of the acetabu-
lar component using EBRA showed a mean inter-observer 
difference of 1.4° (maximum 7.6°, so 2.6). For the inclina-
tion angle, the mean inter-observer error was 0.2° (maximum 
2.40, so 1.3) using EBRA, and 0.4° (maximum 6.8°, so 2.4) 
using the standard radiological method (lMPAX). Measure-
ments of the inclination angle performed with the IMPAX 
softwa re showed a mean difference of 0.6° (maximum 8.8°, 
so 2.4) compared with those obtained using EBRA, 
A Bland-Altman plot of these results showed adequate 
inter-observer reliability. In addition, sufficient reliability 
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Table 11. Results of analysis, using whole blood Chromium (Cr) and Cobalt (Co) leve ls as the dependent variables 
Whole blood Cr levels Whole blood Co levels 
Independent variable' Correlation coefficient (r) p-value Correlation coefficient (r) p-value 
Age -0.184 0.190 -0.105 0.362 
BMI 0.089 0.517 0.100 0.468 
ASA score -0.056 0.676 0.020 0.884 
Duration of follow-up 0.024 0.838 0.113 0.326 
Diameter of femora l component -0.307 0.007 -0.306 0.008 
Inclination of acetabular component 0.297 0.011 0.399 < 0.001 
Antevers ion of acetabular component 0.132 0.258 0.177 0.131 
Stem-neck angle -0.159 0.234 -0.233 0.081 
Whole blood Co level 0.890 < 0.001 -0.207 0.09 
Serum Co level 0.851 < 0.001 0.965 < 0.001 
Serum Cr level 0.917 < 0.001 -0.254 0.057 
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~t~~P I ~t showing the range of blood metal ion concentrations associ-
Star "':Ith the large (s 53 mm) and small (~ 51 mm) femora l implants. 
tat' ISIJcal outliers have been omitted for ease of graphical represen-
lin~on . . Bo.x lengths represent the interquarti le range, the horizontal 
S within the boxes the median va lue, and + mean. 
Was f d th . ou~ between the two techniques for measurement of 
t' e Incli nation angle with regard to the clinical implica-
slons. Throughout the text therefore our resu lts are pre-
ented . h 111 UStng t e mean of the two observers (D]L, SS]) 
S.easurements obtained with EBRA. 
c I~e of the femora l component. In 21 patients, a femoral 
r~ll1~o~ent larger than 51 mm in diameter was used. The 
b ll1a l ntng 55 patients received implants with diameters of 
n etween 41 mm and 51 mm. Correlationa l ana lysis did 
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Scatter plot of the size of the femoral head versus whole blood chro-
mium ion concentrations for the 76 patients. 
size and blood meta l ion concentrations. However, exces-
sively high va lues were obtained from two patients with 
femora l components of 51 mm. It is not clear whether 
these values represented a threshold value of the diamete r 
of the femora l components a bove which meta l ion con-
centrations tended to be low. With these values treated as 
statistica l outliers, femoral size showed an inverse rela-
tionship to Cr (r = -0.328, p = 0.004) a nd Co (r = -0.315, 
p = 0.006) concentrations. As Figures 2 and 3 show, a ll 
patients who received a ' la rge' ( ~ 53 mm) femoral implant 
had lower concentrations of meta l ions, compa red with 
those with a ' sma ll' ( ~ 51 mm) femora l impla nt. A Mann-
Whitney U test showed that there was a significant differ-
ence in the concentrations of both Cr (large 1.9, small 9.8; 
p = 0.007) and Co (la rge 3.0, small 18.1; p = 0.004) III 
these two groups. 
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Table Ill. Spearman's rank order correlaton coefficent of chromium ion levels in whole blood with various clinical and 
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Table IV. Comparison of clinical data, radiological measurements and metal ion levels in whole blood in patients with 
small (s 51 mml and large (<! 53 mm) femoral implants 
Number of patients 
Male:female 
Small (s 51 mml 
55 
28:27 
Mean age in years (range) 57.6 (35 to 68) 
Mean duration of follow-up in months (rangel 26 (13 to 43) 
Mean inclination of acetabular component in 0 (range) 48.9 (32 to 61) 
Mean anteversion of acetabular component in 0 (range) 20.2 (17.6 to 23) 
Median whole blood concentration of Cr (range) 4.12 (1.5 to 69.8) 
Median concentration of Co (range) 2.43 (0.48 to 2711 
* Fisher's exact test 
t independent samples Hest 
* Mann-Whitney U test 
Large (<! 53 mml p-value 
21 
21:0 < 0.001-
54.5 (42 to 741 0.149t 
26 (13t041) 0.995* 
49.2 (36 to 621 0.604t 
18.8 (9.9 to 31.21 0.454t 
3.04 (1.5 to 5.51 0.004* 
1.48 (0.4 to 5.6) 0.007* 
Table V. Comparison of clinical data, radiological measurements and metal ion levels in whole blood in men and women 
with small (s 51 mm) femoral components 
Men Women p-valua 
Number of patients 28 27 
Mean age in years (range) 
Mean duration of follow-up in months (rangel 
Mean inclination of acetabular component (01 (range) 
Mean anteversion of acetabular component (01 (rangel 
Mean diameter of the femoral component in mm (rangel 
Median whole blood concentration of er (range) 
56 (35 to 681 
29 (14 to 43) 
47.4 (39 to 60) 
17.6 (8 to 31) 
49 (47 to 51) 
53 (36 to 64) 
18 (13t041) 
49.1 (32t061) 






< O.OOl t 
0.200t 
O.297t Median concentration of Co (rangel 
* independent samples Hest 
t Mann-Whitney U test 
The metal ion concentrations in the blood of patients 
~ith large femoral implants showed no significant correla-
tion with any of the variables investigated (Table Ill). All 
other significant variables between the two groups were 
comparable except for the gender discrepancy (Table IV). 
For the purposes of further presentation and analysis of 
data, the groups remained separated. 
Patients with a small femoral component. There were 28 
men and 27 women who received femoral implants with a 
diameter of ~ 51 mm. In men the median diameter of the 
femoral component was 49 mm (47 to 59) and in women it 
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3.25 (1.5 to 69.8) 
1. 71 (0.59 to 271) 
4.51 (2.29 to 35.9) 
3.54 (0.48 to 155) 
was 45 mm (41 to 51) (Mann-Whitney U test, p < 0.001). In 
the men and women of the small head group, significant 
differences were found between the mean femoral compo-
nent size, angle of anteversion and time to follow-up. 
(Table V). Ion concentrations in the blood of these patients 
correlated significantly with acetabular indination and 
anteversion (Table Ill). 
Acetabular inclination. There was a positive correlation 
between the indination of the acetabular component and 
the concentrations of Co (r = 0.439, p < 0.001) and 
Cr (r = 0.372, p = 0.011). This relationship was main-
11 48 D. j. LANGTON, S. S. JAMESON, T. j. JOYCE, J. WEBB, A. V. F. NARGOL 
40 






i3 20 9 "0 15 0 0 ~ :0 10 Q) Q '0 5 ~ =:= 0 
35 to 40 40 to 45 45 to 50 50 to 55 > 55 
Acetabular inclination (0) 
Fig.4 
Box plot showing the inclination angle of the femoral component ver-
SUs chromium level for 27 female patients with femoral components 
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Fig. 5 
~~x plot showing the inclination angle of the acetabular component ver-
5; 5~ chromium levels for 28 male patients with femoral components 
mm. 
tain d h e w en the genders were analysed separately (Figs 4 
:nd 5). Figure 6 shows the non-significa nt relationship 
etween the inclination of the cup and Cr ion levels in the 
~~ ti ents with la rge implants, demonstrating the di stinctl y 
d~ffe rent behaviour between implants of sma ll and la rge 
larneter. 
: cetabular anteversion. There was a positive correla tion 
t~tween the anteversion of the acetabu lar component and 
( e Concentrations of Cr (r = 0.330, p = 0.01) and Co 
. r ::: 0.338, p = 0.008) in whole blood (Fig. 7). These find-
IngS should be interpreted with caution, beca use ante-Ver . 
p ~I~n of the acetabular components also correlated 
IVIOSltlvely with inclination (r = 0.290, P = 0.018). 
IJltifactorial analysis. The inclination and anteversion 
~ngles of the acetabu lar components were included in a 
p U~tiple linear regression analysis model involving a ll 
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Scatter plot showing the lack of correlation between the level of chro-
mium ions in whole blood and the inclination angle ofthe acetabular 
component in 21 patients with femoral components ~ 53 mm. 
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Fig. 7 
Box plot showing the anteversion ang le of the acetabular component 
versus whol e blood chromium concentrations in the 55 patients with 
femoral implants. 
Acetabular inclination was identified as the variable w hich 
best accounted for the variation seen in the concentration 
of metal ions. These results reflect the complex interaction 
between the dependent (ion concentrations) and indepen-
dent (inclination/anteversion angles) variables. Most 
importantly, it is clear that none of the relationships were 
linear, thereby reducing the va lue of the correlation 
coefficient. 
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Table VI. Comparison of the mean (range) metal ion concentrations (J.I9/1) from previous studies in whole blood sam-
ples analysed using inductively-coupled plasma mass spectrometry 
Authorls Implant used· Number of subjects Chromium Cobalt 
Current study ASR (well-aligned) 26 3.0 (1.5 to 8.3) 1.1 (0.4 to 9.2)t 
ASR (malaligned) 24 5.9 (1.5 to 69.8) 6.7 (004 to 271.O)f 
Daniel et al37 BHR 26 2.4 (0.5 to 4.9) 1.3 (0.3 to 4.8) 
Venditolli et al38 Durom 41 1.3 (0.4 to 4.5) 0.6 (0.3 to 1.5) 
* ASR, articular surface replacement; BHR, Birmingham hip resurfacing 
t median value 
Discussion-
Our results identified three variables which were associated 
with the concentration of metal ions in whole blood, 
namely the size of the femoral component and the inclina-
tion and anteversion of the acetabular component. None of 
the relationships was straightforward. It was clear thqt the 
larger femoral implants did not 'behave' in the same way as 
the smaller implants. The metal ion concentrations in the 
blood of patients receiving a large femoral component 
(diameter ~ 53 mm) were significantly lower than those in 
patients with a smaller implant (diameter:s; 51 mm). Over-
all, there was no significant difference in the alignment of 
the component between these two groups of patients. 
A logical explanation to these findings may be the devel-
opment of a thicker fluid film between the articulating sur-
faces of larger implants. A favourable film-thickness-to-
surface-roughness ratio is desirable in order to maintain 
low frictional forces between the articulating surfaces and 
to achieve full fluid-film lubrication. This ratio is known as 
the lambda ratio and is proportional to the femoral diame-
ter and clearance.32 Fluid-film lubrication is enhanced by 
making the femoral head as large and the clearance as small 
as practically possible without causing jamming of the 
articulation. Altering these variables in this direction has 
been shown to reduce wear in metal-on-metal bench stud-
• 14 les. ,33,34 However, the smaller the clearance, the more the 
implants are susceptible to increased wear, if the acetabular 
component were to be deformed during implantation.35,36 
Larger acetabular components may be more resistant to 
deformation, thereby maintaining adequate clearance and 
law-wear characteristics. . 
Our data suggest that there is a critical size of the femoral 
component above which the articular surfaces are likely to 
be protected from the adverse effects of mal alignment of 
the component. Daniel et al37 found lower metal ion con-
centrations in patients whose hips had been resurfaced with 
the Birmingham Hip Resurfacing (BHR) (Smith & 
Nephew, London, United Kingdom) arthroplasty, and no 
Significant difference in ion levels was observed in regard to 
the size of the implant. However, only two femoral sizes 
were examined (50 mm and 54 mm), the study included 
fewer subjects (26) and the orientation of the acetabular 
component was not taken into account. A comparison of 
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the results is given in Table VI. If a well-aligned acetabular 
component is defined as one with 40° (SD 5) of inclination 
and 15° of anteversion the metal ion concentrations in the 
well-aligned ASR group are comparable with those of the 
BHR group. The remaining 26 patients not included in 
Table VI fall in between having unsatisfactory anteversion 
or vice versa. inclination and There are no reports of metal 
ion concentrations in patients with smaller BHR implants 
or malaligned cups. 
Vendittoli et al38 found a weak inverse correlation 
between metal ion concentrations and femoral size, and a 
direct correlation with the inclination angle of the acetabu-
lar component when the Durom resurfacing arthroplasty 
(Zimmer, Winterthur, Switzerland) was analysed. The 
Durom is a sub-hemispherical resurfacing device with low 
clearance, similar to the ASR. In the small (:s; 51 mm diam-
eter) implant group in our study, there was a trend towards 
higher blood levels of metal ions with inclination angles of 
the acetabular component above 45° and anteversion angles 
above 20°. Gross increases in anteversion and inclination 
may result in poor cover of the femoral component, thus 
decreasing the area available for generation of a fluid film. 
Articular surfaces which do not function under conditions 
of full fluid-film lubrication may be prone to more frequent 
surface-ta-surface contact. Furthermore, if contact occurs, 
stresses may be transmitted over a smaller surface area. The 
fully hemispherical acetabular component of the BHR may 
protect against this phenomenon, since the available surface 
area is larger, thus promoting the generation of a lubricating 
fluid-film. However, this theoretical advantage of the BHR 
may be offset by the larger clearance of this implant. 
Retrieval studies of metal-on-metal prostheses have con-
firmed that acetabular components with a high inclination 
angle demonstrate increased wear secondary to rim load-
ing.23 Our results are consistent with this observation. We 
have also shown the importance of anteversion of the 
acetabular component. It is clear that increased ante-
version, especially when combined with increased inclina-
tion, will lead to a reduction in the effective joint surface 
area. A high anteversion angle alone may present major 
problems in resurfacing surgery of the hip. As the head-
neck unit is largely restored, a decreased head-neck ratio 
could lead to impingement of the femoral neck on the pos-
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teroinferior part of the rim of the acetabular component 
during hip extension. D'Lima et al39 using a computer 
model of total hip replacement (although we recognise the 
difference in the head-neck ratio in comparison with resur-
facing surgery), found that at an acetabular component 
anteversion of 30° and femoral anteversion of between 0° 
and 30°, posterior impingement could occur at hip exten-
sion of 20° to 50°. An increase in the inclination angle fur-
ther reduced the range of extension before impingement 
occurred.39 During the gait cycle the hip reaches extension 
?f up to 20.4° (SD 4) in young adults and of 14.3° (SD 4.4) 
In healthy elderly individuals.4o Therefore, some patients 
~re at a higher risk of impingement, which may culminate 
In microseparation,41,42 rim damage43 and possibly even 
~ubluxation. Some larger implants may be more forgiving 
In that respect. 
Metal ions are not generated solely by mechanical wear. 
Another factor, which is extremely difficult to measure in 
vivo, is the effect of corrosion which is proportional to the 
surface area of the components.44 As the concentrations of 
~etal ions in our study were lower with larger components, 
It Would appear that mechanical wear is the predominant 
process driving the generation of metal ions. 
Our study has some limitations. Our analysis incorpo-
rated the patients body mass index, rather than weight. It ~~s been reported that the type of lubrication of a prosthetic 
l°lnt is affected by joint loading and thus patient weight.32 
Another variable which can influence lubrication, although 
O~itted from our study for obvious practical reasons, is the 
VIscosity of the synovial fluid.32 Other limitations of our 
Stud . y included the absence of pre-operative Cr and Co blood 
~~ncentrations and information on smoking history and any 
letary supplements taken by the patients. The pre-operative 
c.oncentrations of metal ions are known to correlate posi-
~~ely with post-operative values.38 Finally, while the three-
. lI11ensional orientation of the acetabular component was 
InVestigated, this was not possible for the femoral compo-
nent. Although the femoral stem-shaft and neck-shaft angles 
Were measured, the radiographs were not standardised in 
terms of rotation of the limb. We were also unable to mea-
SUre the anteversion of the femoral component. 
In Conclusion, the orientation of the acetabular corn po-
n;nt in both planes appears to be critical in the generation 
~ ~etal ions after ASR resurfacing arthroplasty of the hip. 
nchnation angles greater than 45° and anteversion angles 
eXceeding 20° were associated with higher metal ion con-
centrations in our study. Larger acetabular components 
a~peared to be more resistant to the effects of malalignment 
() the acetabular component (Table VI). The median (and 
~a~i~um) values of Cr and Co levels associated with well-
Sltloned cups (acetabular compoments placed with 20° ~rO less of version and 45° or less of inclination) were 
b' (8.0) and 1.1 (6.5), respectively. When cups were placed 
S e:ond these boundaries, median Cr concentration was 
~ (maximum value 69.8) and median Co was 6.7 (maxi-
urn value 271). The acetabular orientations associated 
with low metal ion concentrations in our study were within 
the limits recommended in previous studies on total hip 
replacement.45,46 
Based on the results of our study, we recommend that 
attention should be directed towards optimising the orien-
tation of the acetabular component in order to reduce the 
metal ion load to which the patient is exposed. Serious con-
sideration should be given to the development of repro-
ducible techniques which will improve the reliability of 
correct alignment of the acetabular component during 
resurfacing arthroplasty of the hip. 
Although none of the authors has received or will receive benefits for personal 
or professional use from a commercial party related directly or indirectly to the 
subject of this article. benefits have been or will be received but will be directed 
solely to a research fund, foundation educational institution, or other non-profit 
organisation with which one or more or the authors is associated. 
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Blood metal ion concentrations after hip 
resurfacing arthroplasty 
A COMPARATIVE STUDY OF ARTICULAR SURFACE REPLACEMENT 
AND BIRMINGHAM HIP RESURFACING ARTHROPLASTIES 
There have been no large comparative studies of the blood levels of metal ions after 
implantation of commercially available hip resurfacing devices which have taken into 
account the effects of femoral size and inclination and anteversion of the acetabular 
component. We present the results in 90 patients with unilateral articular surface 
replacement (ASR) hip resurfacings (mean time to blood sampling 26 months) and 
70 patients with unilateral Birmingham Hip Resurfacing (BHR) implants (mean time 
47 months). 
The whole blood and serum chromium (Cr) and cobalt (Co) concentrations were inversely 
related to the size of the femoral component in both groups (p < 0.05). Cr and Co were more 
strongly influenced by the position of the acetabular component in the case of the ASR, 
with an increase in metal ions observed at inclinations> 45° and anteversion angles of < 10° 
and> 20°. These levels were only increased in the BHR group when the acetabular 
component was implanted with an inclination> 55°. 
A significant relationship was identified between the anteversion of the BHR acetabular 
component and the levels of Cr and Co (p < 0.05 for Co), with an increase observed at 
anteversion angles < 10° and> 20°. The median whole blood and serum Cr concentrations of 
the male ASR patients were significantly lower than those of the BHR men (p < 0.001). This 
indicates that reduced diametral clearance may equate to a reduction in metal ion 
concentrations in larger joints with satisfactory orientation of the acetabular component. 
Hip resurfacing using cementless acetabular 
components with metal-on-metal bearings 
for the treatment of second-stage hip osteo-
arthritis was introduced approximately ten 
years ago.1,2 The implants in use currently 
are popularly referred to as the 'third-
generation' and include the Birmingham Hip 
Resurfacing (BHR) (Smith and Nephew, 
Warwick, United Kingdom). Independent 
intermediate clinical results have shown the 
BHR to be a highly successful procedure 
when performed to a satisfactory technical 
standard after appropriate patient selection. 3 
De Smet et al4 recently demonstrated that 
serum metal ion concentrations can be used 
as a surrogate marker of articular wear, 
owing to the positive correlation with metal 
ion concentrations in the joint fluid. 
Increased wear has been implicated in the 
early failure of metal-on-metal joints second-
ary to metal sensitivity and the development 
of pseudotumours.5,6 With the added theo-
retical concern of carcinogenicity, low levels 
of metal ions are desirable in resurfacing 
arthroplasty. 
It has not yet been determined in vivo whether 
the cumulative effects of the macro- and micro-
scopic differences in the design of resurfacing 
devices from competing manufacturers will lead 
to an increase or reduction in wear rates or, more 
importantly, a change in the clinical outcome of 
the patient receiving the implant. No large-scale 
independent comparative study of the different 
types of hip resurfacing has been carried out 
using the same laboratory for metal ion analysis 
and taking into account the anteversion and 
inclination of the acetabular component and the 
implant size. We sought to determine whether 
there is a significant difference in the chromium 
(Cr) and cobalt (Co) concentrations in the blood 
of patients surfaced with two common types of 
resurfacing arthroplasty. We also sought to iden-
tify the orientations of the component most 
strongly associated with the lowest blood metal 
ion levels and, in so doing, test our previous 
recommendations for the orientation of the 
acetabular componenr1 of the articular surface 
replacement (ASR) (DePuy, Johnson and John-
son, Leeds, United Kingdom) using a larger 
group of patients. 
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Table I. Subtended articular surface angles increase with increasing acetabular component 
diameter in both devices (source: manufacturers' details and independent testing21 ) 
Subtended articular surface angle (0) 
Mean radial clearance (J.lm) 
Wall thickness at rim (mm) 
Manufacturing method of head 
ASR* BHRt 
148 to 160 
50 
3.1 
158 to 166 
100 to 150 
3.6/4.6 
Manufacturing method and treatment of acetabular component 








Deviation of roundness head (J.lm) 0.9 






* ASR, articular surface replacement 
t BHR, Birmingham hip resurfacing 
* HIP/SA, cast process and heat treatment by hot isostatic pressure/surface annealed 
§ high carbon content defined as l!: 0.20% 
Patients and Methods • 
Implants. In vitro studies8,9 have suggested that full fluid 
film lubrication can be promoted by reducing the radial 
clearance between the articulating surfaces of the resurfac-
ing components. It was on this basis that the 'fourth-
generation' ASR was introduced with a radial clearance of 
50 !lm. This nominal clearance is significantly lower than 
the 100 !lm radial clearance of the BHR. 
Failure analyses and metal ion studies have shown that 
edge loading is an important factor leading to increased 
Wear secondary to increased angles of acetabular compo-
nent inclination. IO-12 The ASR acetabular component is 
sub-hemispherical in design, as opposed to the near full 
hemisphere of the BHR implant. De Haan et al13 recently 
showed that reduced component cover can render a joint 
more susceptible to the negative effects of edge loading at 
lower angles of inclination than expected. 
Although all manufacturers use high-carbon-containing 
cobalt-chromium alloy, the processing of the alloy differs. 
Cast components may undergo post-casting heat treat-
ments such as hot isostatic pressing and/or solution heat 
treatment. The significance of these treatments has been 
debated over the last decade. Annealing results in depletion 
of the surface carbides, but hip simulator studies do not 
demonstrate significant differences between the wear 
behaviour of as-cast arthroplasty and heat-treated alloys.14 , 
'fable I summarises the important similarities and differ-
ences of the ASR and the BHR. 
Patients. From April 2004 a prospective trial of the ASR 
:-Vas undertaken. The clinical results of the first 200 patients 
Involved in this independent trial have already been 
Published. IS Metal ion analysis has been carried out at our 
unit On a routine basis since June 2007 for patients under 
the care of the senior author (AVFN). This paper presents 
data from patients attending for routine follow-up during 
t?e period from June 2007 to June 2008. The results of the 
first 76 of the 90 ASR patients included in this study have 
been published previously? 
Owing to the disparity in patient numbers between the 
ASR and the BHR groups, 12 BHR patients attending review 
clinics at a second local centre who met the inclusion criteria 
gave consent to recruitment into this study. Each operating 
surgeon at this centre is a lower limb arthroplasty specialist. 
The posterior approach was used in each case. At this centre, 
all blood samples were obtained by the same orthopaedic 
registrar involved in the main centre study, using identical 
equipment and the same laboratory for analysis. For both 
groups of patients, the only exclusion criteria were the pres-
ence of another joint replacement and the resurfacing having 
been performed within 12 months of blood sampling. Patient 
demographics are shown in Table 11. 
Methods. Blood samples are obtained via Venflon, with the 
first 5 ml being discarded before the definitive sample is 
drawn. All samples are frozen and sent to the same labora-
tory for blinded whole blood and serum Cr and Co analysis 
using inductively coupled plasma mass spectrometry. 
The same technique of EBRA (Einzel-Bild-Roentgen-
Analyse)7,16 (University of Innsbruck, Innsbruck, Austria) 
analysis of standing radiographs was used to assess the 
BHR group and the larger ASR patient group. As well as 
the orientation of the acetabular component. we measured 
the femoral stem/shaft angle relative to the anatomical axis 
of the femur as previously described.7 The orientation of 
the components was assessed and recorded prior to the 
metal ion results becoming available. For all measured 
parameters, all technically satisfactory weight-bearing 
radiographs available for each patient were analysed and 
the mean values calculated and used in the final analysis. 
An overview of joint sizes and orientations of the acetabu-
lar component is shown in Table 11. 
Statistical analysis. Spearman's rank correlation was used to 
identify any significant relationships between the indepen-
dent variables (as above, as well as the Harris Hip Score17 
and the University of California, Los Angeles activity score18 
at the time of blood sampling, the time from surgery and age) 
and the dependent variables (whole blood and serum values 
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Table 11. Patient demographics, including joint sizes and acetabular component orientations 
Demographics 
Number 
Age in yrs (range) 
M:F (% female) 
Post-operative time in mths (range) 
American society of anethesiologists score 
Femoral size in mm (range) 
Inclination angle in • (range) 
Anteversion angle in • (range) 
Outcome scores (range) 
Harris Hip Score 
UCLA* activity score 
Serum metal ion levels (range) 
Cr (~g/L)I 
Co (~g/L)I 
Whole blood metal ion levels (range) 
Cr (~g/L)I 
Co (~g/L)I 
* AS A, articular surface replacement 
t BHR, Birmingham hip resurfacing 
* UCLA, University of California, Los Angeles 
ASR' 
90 
55 (28 to 77) 
42:38 (42) 
26 (12 to 44) 
1.6 (1 to 3) 
49.0 (41 to 59) 
49.9 (32 to 65) 
20.6 (4 to 39) 
94 (35 to 100) 
7.3 (3 to 10) 
3.99 (0.58 to 115.0) 
2.30 (0.38 to 228.0) 
3.6Q (1.5 to 69.8) 
2.08 (0.38 to 271.0) 
BHRt Significance 
70 
51 (32 to 67) 0.501 
44:26 (37) 
47 (14 to 75) 0.001 
1.39 (1 to 2) 0.630 
48.6 (38 to 58) 0.437 
47.5 (32 to 65) 0.150 
17.4 (-5 to 39) 0.041 
97 (51 to 100) 0.076 
7.5 (3 to 10) 0.633 
3.55 (0.65 to 190) 0.723 
1.65 (1.8 to 76) 0.082 
3.95 (2.37 to 39.8) 0.213 
1.43 (0.63 to 147) 0.037 
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Fig. 1 
Scatter plot showing the ranges of whole blood 
chromium data for the articular surface replace-
ment (ASR) and Birmingham hip resurfacing 
(BHR) implants. The inferior, middle and superior 
horizontal lines of the boxes represent the first 
quartile, median and third quartiles. The ends of 
the 'whiskers' correspond to the limits of the 
data, beyond which values are considered anom-
alous. The mean is displayed with a +, outliers 
with a·, extreme outliers with a ,*, and upper and 
upper and lower values with '.' 
In order to determine the joint orientations most strongly 
associated with the lowest blood metal ion levels, the angles 
of inclination and anteversion were divided into subgroups. 
Mann-Whitney U tests were then used to identify signifi-
cant differences (p < 0.05) between these subgroups. Two-
sample t-tests were used to compare values from groups 
with normal distributions. The same methods were used to 
determine significant differences in independent and depen-
dent variables between the ASR and BHR groups. 
Windows SPSS version 16.0 (SPSS Inc., Chicago, Illinois) 
was used for statistical analysis. 
Results 
An overview of the Cr ion data in whole blood can be seen 
in the box and whisker plots in Figure 1. There was a highly 
significant positive correlation between whole blood/serum 
Cr and Co concentrations (Tables III and IV), and we there-
fore feel it appropriate to use Cr and Co interchangeably 
for graphical representation. 
of C 
\1 • r and Co) of the ASR and BHR patient groups. Each 
\1 a~lable Was also plotted individually against the metal ion 
ASR analysis. The results from this larger group of patients 
showed a significant inverse relationship between femoral 
size and Cr and Co concentrations (Fig. 2 and Tables II and 
III). In order to investigate the effect of the interaction 
between size and orientation of the acetabular component 
on the ion levels, the ASR patients were split into groups 
according to individual femoral sizes. A multiple regression 
model was then constructed for each group size, with Co as 
the dependent variable and acetabular component inclina-
tion and anteversion as the explanatory variables. As 
illustrated in Figure 3, as the size of the ASR implants a Ues in order to identify non-linear relationships. 
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Acetabular component inclination 0.312 
Acetabular component anteversion 0.250 
Stem-shaft angle -0.058 
UCLA* score -0.325 





* ASR, articular surface replacement 
t BHR, Birmingham hip resurfacing 
:1= UCLA, University of California, Los Angeles 
§ Co, cobalt 
BHRt In = 70) 
Significance level Correlation Significance level 
0.129 -0.138 0.324 
0.929 -0.009 0.954 
0.010 -0.265 0.038 
0.005 -0.048 0.731 
0.026 0.115 0.406 
0.595 0.136 0.449 
0.104 0.109 0.585 
< 0.001 0.713 < 0.001 
< 0.001 0.693 < 0.001 
< 0.001 0.708 < 0.001 











Acetabular component inclination 0.417 
Acetabular component anteversion 0.308 
Stem shaft angle -0.047 
UCLA* -0.368 
Whole blood Cri level 0.897 
Serum cobalt level 
Serum Cr 
* ASR, articular surface replacement 
t BHR, Birmingham hip resurfacing 
0.966 
0.906 
:1= UCLA, University of California, Los Angeles 
§ Cr, chromium 
increased the corresponding R2 value decreased (i.e. acetab-
ular component orientation had less influence on Co as the 
femoral size increased). The relationship between acetabu-
lar component inclination/anteversion and metal ions was 
negligible in ASRs with femoral components> 51 mm. For. 
the purposes of this study, ASRs with femoral components 
::. 51 mm are referred to as large ASRs. Below this size there 
Was a significant increase in metal ions when acetabular 
components were positioned at > 450 of inclination andlor 
::. 200 of anteversion. In this larger series of patients it also 
became apparent that acetabular component anteversion 
<: 100 was also associated with an increase in metal ion con-
centrations (Fig. 4). ASRs with femoral components 
S 51 mm are henceforth referred to as small. 
BHR analysis. There was a significant inverse relationship 
between femoral size and metal ion concentrations in the 
BBR patients (Spearman's rank correlation (r) = -0.265, 
'BHRt In = 70) 
Correlation 
Significance leval coefficient Significance level 
0.489 0.230 0.419 
0.420 -0.009 0.954 
0.024 -0.173 0.178 
< 0.001 -0.009 0.949 
0.006 0.285 0.037 
0.665 0.014 0.938 
0.001 0.234 0.239 
< 0.001 0.713 < 0.001 
< 0.001 0.815 < 0.001 
< 0.001 0.679 < 0.001 
p = 0.038, Cr) (Fig. 2). The same multiple regression model 
described above was used to examine the interaction 
between femoral size and orientation of the acetabular com-
ponent on metal ion levels. As with the ASR, increasing fem-
oral size reduced the effect of orientation of the acetabular 
component on metal ion concentrations (Fig. 3). Acetabular 
component orientation had no significant effect on BHRs 
with femoral components in the fourth quartile of the size 
range (~ 54 mm). For the rest of the paper, the implants in the 
fourth quartile of the size range are referred to as large and 
the remaining implants are referred to as small. Table V 
shows the significant differences in Cr and Co concentra-
tions between the large and small BHR groups. 
Small BHR implants 
Inclination of the acetabular component. We identified no 
linear correlation between the inclination of the acetabular 
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Gr~p~ Showing median chromic (Cr) levels for all patients in the stud~ 
~Pllt Into groups according to femoral size and device ( .... articular sur-
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Fig. 3 
~~aPh Showing the calculated R2 (coefficient of determination) values 
oat'!! multiple regression models involving acetabular component incli-
de~~n a~d anteversion as explanatory variables and cobalt as the depen-
(art' variable. Regression analysis was carried out for both devices 
hip Icular surface replacement represented by broken line; Birmingham 
resUrfacing represented by solid line) and each femoral size. 
~Ornponent and the concentration of Cr or Co ions. How-
b~er, the largest three Co and Cr readings were found in the 
\V?Od of patients with acetabular components implanted 
b Ifh :. 55° of inclination. For acetabular components placed 
t.
e 
ow 55° (32.5° to 54.9°), a non~significant inverse rela-
IOn h' 
r s Ip to Cr and Co was observed (p = 0.08 and 0.120, 
espectively) (see Fig. 5). 
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Graph showing the effect of acetabular component anteversion angle 
on whole blood cobalt concentrations. Data plots correspond to medial 
ion levels of small articular surface resurfacings (ASRs) (~joined by bro-
ken lines). large ASRs (0). large Birmingham hip replacements (BHRs) (.) 
and small BHRs (Ajoined by solid line). 
Anteversion of the acetabular component. There was a sig~ 
nificant positive correlation between anteversion of the 
acetabular component and Co (r = 0.309, p = 0.047). A 
similar, but slightly weaker relationship was identified 
between Cr and anteversion (r = 0.274, p = 0.079). The 
lowest median values of whole blood Cr and Co were asso-
ciated with acetabular components positioned in 10° to 20° 
of anteversion (3.46 and 1.44 Ilg!l, respectively). Acetabu-
lar components placed in versions above or beyond these 
boundaries were associated with higher Co and Cr concen-
trations (p = 0.004 and 0.063, respectively) (Fig. 4). 
Comparison of devices by acetabular component orientation. 
Each implant group was divided into sub-groups according 
to angles of acetabular component inclination and ante-
version. Median ion values for each sub group were then 
calculated and plotted (Figs 4 and 5). Table VI shows the 
overall relative effects of suboptimal acetabular component 
position on the two resurfacing systems using patients from 
the small ASR and BHR implant groups. 
Comparison of devices by gender. Men were implanted with 
significantly larger components than the women and 
acetabular components with significantly larger angles of 
anteversion in both the ASR and BHR groups (p < 0.001 
for both variables). 
Men. There were 52 men with ASR and 44 men with BHR. 
Whole blood Cr was found to be significantly lower in the 
ASR men than in the BHR patients (p = 0.012), although 
Co concentrations were comparable (Table VII). 
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Table V. Comparison of the mean, median and ranges of whole blood metal ion levels 
associated with the Birmingham hip resurfacing patient group split by size 
Large implants (n = 16) Small implants (n = 54) 
mean/median (range) mean/median (range) Significance 
Chromium (fi9n) 3.69/3.59 (2.37 to 6.56) 5.92/4.04 (2.41 to 39.8) 0.017' 
Cobalt (fig/l) 1.28/1.32 (0.63 to 2.03) 5.31/1.68 (0.77 to 147) 0.023' 
Inclination (0) 49.51 47.0 0.227t 
Anteversion (0) 15.02 18.23 0.317t 
* Mann-Whitney U test for non-parametric data, two-sample Hest 
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Fig.5 
Graph showing the effect of cup inclination angle on whole blood 
cObalt concentrations. Data plots correspond to medial ion levels of 
small articular surface replacements (ASRs) (d joined by broken line), 
large ASRs (0), large Birmingham hip resurfacings (BHRs) (e) and small 
BHRs (. joined by solid line). 
Women. There were 38 women with ASR and 26 with BHR 
implants. The mean femoral component size was larger in the 
ASR group, as were the mean angles of inclination and ante-
version of the acetabular component. The median Co concen-
tration in the women with ASR was three times that of the 
median Co in the women with BHR (p = 0.010) (Table VII). 
Discussion 
Our results substantiate our previous conclusions7 that 
generation of metal ions following ASR resurfacing is 
linked to both the size of the implant and the three-
dimensional orientation of the acetabular component. The 
present, larger group of results provides further evidence of 
the importance of the anteversion of the acetabular compo-
nent with increased metal ion loads observed in compo-
nents with both excessive (> 20°) and insufficient « 10°) 
radiological anteversion. 
As with the ASR, there was a significant inverse relation-
ship between the size of the femoral component and whole 
blood Cr in the BHR patients. In the fourth quartile of ASR 
and BHR implant sizes, the blood metal ion concentrations 
were significantly lower than those found in the patients 
with smaller implants. Larger ASR and BHR acetabular 
components appear more resistant to suboptimal position-
ing in terms of metal ion generation. This is probably due to 
the thicker fluid film achieved by the larger implants8 as 
well as the greater arc of cover. Both of these factors protect 
against the increased rates of wear associated with edge 
loading. 
A further variable that has been shown to affect lubrica-
tion in vitro is clearance. Rieker et 011 9 showed that wear 
rates can be reduced by reducing clearance as much as man-
ufacturing processes will allow. The improved lubricating 
film that the reduced clearance of the ASR theoretically 
provides may be the reason for the significantly lower 
whole blood Cr values in the male ASR patients. These 
clearance values are, however, nominal. When the compo-
nents are implanted they are vulnerable to the effects of 
distortion, 19 the extent of which is impossible to measure in 
vivo routinely. By definition, a low-clearance device is at 
greater risk of accelerated wear should the combined 
distortion of the components be greater than expected. 
Whereas the median Cr value of the male ASR patients is 
lower than that of the male BHR group, the range of the 
male ASR Cr and Co concentrations is much broader, with 
several extremely high values. 
In order to conserve bone and increase impingement-free 
range of movement, the ASR acetabular component is sub-
hemispherical in design. For the smallest ASR acetabular 
component, the arc of cover (the subtended angle to the 
articular surface) is 1480, increasing to 160° for the largest. 
This is in sharp contrast to the cover provided by the BHR 
acetabular component with 158° for the smallest, increas-
ing to 166° for the largest acetabular component. The 
reduced cover provides a potential explanation for the 
increased vulnerability of the ASR device to angles of incli-
nation greater than only 45°. This also accounts for the 
increased sensitivity to suboptimal position of small BHRs 
compared to their larger counterparts. This is consistent 
with the results of De Haan et al,13 who found a highly sig-
nificant relationship between the arc of cover of the acetab-
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Table VI. The differences in blood chromium and cobalt concentrations associated with optimally 
and suboptimally placed small implants. Optimal position refers to small acetabular compo-
nents positioned with inclination angles ~ 35° and $ 55° and anteversion angles 10° to 20°. Sub-
optimal refers to acetabular components placed with inclination and anteversion angles beyond 
these boundaries. Mann-Whitney U test for non-parametric data used to establish significant dif-
ferences. Metal ion concentrations in bold are median values with ranges in parentheses 
Suboptimal Optimal Significance 
BHR' 
Chromium (J.lglI) 6.56 (2.6 to 39.8) 3.46 (2.37 to 6.32) 0.001 
Cobalt (J.lglI) 5.26 (1.2 to 147) 1.27 (0.63 to 5.74) 0.028 
ASRt 
Chromium (I-Ig/l) 17.51 (3.2 to 69.8) 3.06 < 0.001 
Cobalt (J.lglI) 27.90 (1.6 to 271) 1.19 < 0.001 
* ASR. articular surface replacement 
t BHR. Birmingham hip resurfacing 
Table VII. Comparison of metal ion concentrations between the groups split according to gender 
Men 
ASR* 
Femoral size 51.3 
Acetabular component inclination (0) 49 
Acetabular component anteversion (0) 18.9 
Whole blood chromium (J.l9fl) 3.07 
Whole blood cobalt (J.lgfl) 1.58 
* ASR. articular surface replacement 
t BHR. Birmingham hip resurfacing 
rlar component and serum metal ions. The fact that the 
larger acetabular component of the BHR is associated with 
°Wer ion levels suggests that the mechanism of metal ion 
release is more commonly due to the effects of edge loading 
rather than impingement. 
A.nteversion may cause an increase in metal ion levels 
OWing to a combination of factors. First, increased ante-
v~rsion will reduce component cover, potentially impairing 
t e generation of a sufficient fluid film and causing wear to 
~ccur .nearer to the rim of the acetabular component. 
xcesslve anteversion may cause femoral neck impinge-
Illcnt on the posteroinferior portion of the acetabular com-
~~nent when the hip is extended and externally rotated. 
. e reverse process, with reduced anteversion causing ante-
r;?r impingement during deep flexion, could explain the 
Sight increase in metal ions observed in near-neutral ASR 
:d BHR acetabular components. However, we believe that 
1 IS ~ffect is more likely to be explained by posterior edge 
~;dlOg in deep flexion and stair climbing,20 as near-neutral 
i R acetabular components are associated with a greater 
ncrease in metal ions than the hemispherical acetabular 
cOIll Ponent of the BHR. 
l<.l'aking the value of 10 flg/l (which is double the United 
c Ingdom work place exposure limit21 ) as an arbitrary unac-
p~Ptable threshold for whole blood Co concentrations, ~~~er's exact test showed a significant difference between the 
and BHR data groups, with a p-value of 0.014. There 
VOl 
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Women 
BHRt P ASR BHR p 
50.5 0.173 45.5 44.6 0.09 
48.2 0.309 50.5 46.2 0.08 
17 0.173 23.4 19.9 0.19 
3.78 0.012 4.92 4.34 0.74 
1.41 0.618 4.68 1.66 0.01 
were only two BHR patients with Co levels above 10 flg!\ com-
pared to 14 in the ASR group. The mean inclination and ante-
version angles of these two BHR joints were higher than those 
of the 14 ASR joints (BHR inclination/anteversion = 59.9°/ 
33.4°; ASR inclination/anteversion = 54.8°/26.9°). The BHR 
joints were also smaller, with a mean femoral size of 
44.0 mm compared to 47.8 mm for the ASRs. This is com-
patible with the idea of the BHR acetabular component 
being more forgiving of suboptimal positioning. 
A theoretical model to explain the variation in ion levels asso-
ciated with the two resurfacing systems. Bergmann et al20 
showed that, in the standing position, the average hip joint 
contact force is directed 14° medially from the longitudinal 
axis in the anteroposterior plane and 16° anteriorly in the 
transverse plane. Using these data and the orientations of the 
acetabular components of the patients in this study, we cal-
culated the distance from the centre of the theoretical contact 
patch to the superior anterior edge of the articular surface of 
the acetabular component (or its rim) for each patient in the 
standing position. We assumed the contact patch to be cen-
tred over the hip contact force vector. The resultant distance 
between the contact patch and the acetabular component 
rim (CPR distance) is therefore dependent on the diameter 
and the arc of cover provided by the acetabular component, 
and also the radiological angles of inclination and antever-
sion. We found a highly significant inverse correlation 
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Fig . 6 
Graph showing all articular surface replacement (ASR) and Bir-
mingham hip resurfacing (BHR) patients in the study (Spearman 
rank correlation -0.49, p < 0.001) Mean ASR male patient acetabular 
component rim (CPR) distances represented by solid vertical black 
lines and the mean ASR female patients represented by the broken 
black line. The mean male BHR patient CPR distance is represented 
by the solid grey vertical line and the female BHR distance by the 
broken grey line. CPR values are calculated usi ng the mean acetab-
ular component sizes and inclination/a nteversions for each patient 
group in the study. 
levels in both implant groups, with no large values observed 
when the contact patch was ca lculated to be > 10 mm from 
the rim (Fig. 6) . This is consistent with retrieval studies 
which have demonstrated increased wear secondary to edge-
loaded implants. The 'wear scar' on retrieved components is 
cOmmonly located at 10° to 15° from the vertical, consistent 
with Bergmann's in vivo joint contact area measure-
lllents,22.23 In this series a number of patients had acceptable 
levels of CrCo even with a calculated CPR distance < 10 mm. 
~owever, as the time from surgery to blood sampling 
I~creased, so did the probability that patients with a CPR 
distance < 10 mm were found to have grossly increased 
blood metal ion concentrations (Fig. 7). This observation 
Illay represent the temporary tolerance of the hard metal-on-
Illeta l surfaces to a suboptimal position until the joint 
reaches a state of accelerated wear.22 
We believe that the calculated CPR distance is a reliable 
i~dicator of the vulnerability of a joint to the effects of ante-
nOr edge loading and anterior subluxation. If subluxation 
does OCCur we speculate that the effects of the sharp ASR rim 
are likely to be particularly damaging to the femoral compo-
nent. CPR distance does not, however, guage the vulnerability . 
of the resurfaced joint to the risk of anterior impingement and 
~Osterior edge loading/subluxation. The surgeon must strike a 
alance between attempting to reduce the negative effects of 
edge loading by implanting an acetabular component with 























5 10 15 
Acetabular component rim (mm) 
Fig. 7 
20 25 
Articular surface replacement patients only. Whol e blood cobalt values 
versus distance from the centre of the calculated co ntact patch to the 
edge of the articular surface of the cup. ' 'represents sa mples drawn 
between 12 and 18 months post resurfacing. '. ' represents blood sam-
ples drawn at 18 months and beyond. 
tai n a satisfactory range of movement of the hip. From the 
data available to us, we feel it reasonable to recommend that 
the ASR acetabular component to be placed in 40° (so 5) of 
inclination and 15° (:t; 5) of weight-bearing radiological ante-
version in order to reduce levels of metal ions in the blood. We 
have a smaller amount of ion data for the BHR device. How-
eve r, the metal ion increase in our series only appears above 
55°. When considering the optimal inclination for the BHR, 
the lowest ion va lues are associated with acetabular compo-
nents positioned between 45° and 55°, rather than around the 
lower limits « 40°). We believe that low inclination angles of 
near-hemispherica l acetabular components with reduced 
anteversion, coupled with the reduced head to neck ratio 
inherent to surface arthroplasty, may lead to anterior impinge-
ment and posterior edge loading/subluxation during common 
activities such as stair climbing and rising from a chai r. 20,24,25 
Reduced inclination angles combined with high anteversion 
may increase the risk of anterior edge wear with or without 
posterior impingement.26,27 For this reason, we feel that the 
BHR aceta bular component should be placed with a target 
inclination of 45° in mind, allowing a 5° margin of error on 
either side and remaining within the limits conducive to a sa t-
isfactory outcome in terms of function and metal ion levels. 
With regard to standing radiological anteversion, we recom-
mend 10° to 20°, with the same justification and allowance 
for a margin of error. In the senior author's patient group, the 
minimum Harris Hip Score of the 14 patients with acetabu lar 
components in this target area was 97 (mean score 99.0, mean 
femoral size 48.0 mm (42 to 54)). 
There are two main limitations to thi s study, the first 
being the difference in time post-operatively at which blood 
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samples were collected in the two groups. We do, however, 
believe that this factor is relatively insignificant compared 
to implant size and orientation. We believe that comparison 
between groups is justified as the mean time to sample col-
lection in both groups was well beyond the bedding-in 
phase, where accelerated wear is said to occur.28,29 Our 
data suggest that suboptimally placed acetabular compo-
nents will produce increasing amounts of metal debris with 
time, and therefore if the difference in follow-up between 
the ASR and BHR groups were truly significant we would 
expect the BHR metal ion levels to be higher. Furthermore, 
~he Birmingham group themselves have published convinc-
Ing evidence that in well-positioned joints, metal ion levels 
tend to decrease over time.3o This supports the idea that the 
reduced clearance of the ASR is indeed beneficial, given 
that Cr levels are lower in the male ASR patients despite the 
shorter follow-up period. 
The second limitation is that we did not collect pre-
operative blood samples for metal ion analysis, a variahle 
which Vendittoli et al ll showed to correlate with post-oper-
~tive ion levels. We believe this weakness is offset by the 
. arge number of patients and the fact that all those involved 
In the study came from the same geographical region. 
. Increased blood Cr amd Co concentrations following the 
BI.tmingham Hip Resurfacing procedure are associated 
With smaller components, acetabular component ante-
version> 20° and < 10° and inclination> 55°. The female 
~SR patients in this series had a median Co level three hmes that of the female BHR group. The male ASR group 
~d a slight but significantly reduced Cr level compared to 
tie BHR group. The overall results suggest that the reduced 
c. earance of the ASR promotes an improved joint lubrica-
t~on regimen but this positive effect may be overridden by 
t e increased vulnerability of the ASR acetabular compo-
nent to suboptimal positioning. The BHR acetabular com-
ronent is tolerant of a wider range of orientations. We have 
. ound no evidence in this study to support the idea that 
Inclination angles < 40° equate to a reduction in metal ion 
Concentrations. 
SUPPlementary material I1fiI FUrther information relating to these findings and the ~ measurement of the contact force and contact patch 
;Stance is available with the electronic version of this arti-
C e on OUr website at www.jbjs.org.uk 
~:I~ou9h none of the authors has received or will receive benefits for personal 
8Ub/ofessional use from a commercial party related directly or indirectly to the 
dire act of this article, benefits have been or will be received but will be 
nOn cled. Solely to a research fund, foundation, educational institution, or other 
Profit Organisation with which one or more of the authors are associated. 
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Early failure of metal-on-metal bearings in 
hip resurfacing and large-diameter total hip 
replacement 
A CONSEQUENCE OF EXCESS WEAR 
Early failure associated with adverse reactions to metal debris is an emerging problem after 
hip resurfacing but the exact mechanism is unclear. We analysed our entire series of 
660 metal-on-metal resurfacings (Articular Surface Replacement (ASR) and Birmingham Hip 
Resurfacing (BHR)) and large-bearing ASR total hip replacements, to establish associations 
with metal debris-related failures. Clinical and radiological outcomes, metal ion levels, 
explant studies and Iymphocyte transformation tests were performed. A total of 17 patients 
(3.4%) were identified (all ASR bearings) with adverse reactions to metal debris, for which 
revision was required. This group had significantly smaller components, significantly higher 
acetabular component anteversion, and significantly higher whole concentrations of blood 
and joint chromium and cobalt ions than asymptomatic patients did (all p < 0.001). Post-
revision Iymphocyte transformation tests on this group showed no reactivity to chromium 
or cobalt ions. Explants from these revisions had greater surface wear than retrievals for 
uncomplicated fractures. The absence of adverse reactions to metal debris in patients with 
well-positioned implants usually implies high component wear. 
Surgeons must consider implant design, expected component size and acetabular 
component positioning in order to reduce early failures when performing large-bearing 
metal-on-metal hip resurfacing and replacement. 
Although debris from metal-on-metal joint 
replacements may cause local tissue 
reaction.1,2 systemic effects have yet to be 
demonstrated. In the 1970s there were 
reports of large joint effusions and wide-
spread tissue destruction following total hip 
replacement (THR) with McKee-Farrar 
devices.3 In 2005 Willert et al4 described the 
histological appearance of periprosthetic tis-
sues surrounding failed metal-on-metal joint 
replacements and suggested a lymphocyte-
dominant delayed-type hypersensitivity reac-
tion, aseptic lymphocyte-dominated vasculi-
tis-associated lesion (ALVAL), as a potential 
explanation. Because the clinical relevance 
of this testing remains uncertain, this contin-
ues to be a concern for surgeons implanting 
metal-on-metal devices, particularly when 
combined with the unknown incidence of 
such tissue reactions. 
Pandit et all used the term 'pseudotumour' 
to describe cystic and solid masses associated 
with resurfacing devices. They estimated that 
1 % of patients who have a metal-on-metal 
resurfacing develop a pseudotumour within 
five years and speculated that the adverse 
effects could be mediated by an allergic 
response to 'normal' levels of metal debris, or 
could be caused directly by toxic concentra-
tions of chromium (Cr) and cobalt (Co) gen-
erated from bearing surfaces experiencing 
abnormal wear. It remains unclear whether 
ALVAL is itself an integral factor in the mech-
anism of failure, or simply an associated 
observation in the capsular tissues. Without 
exception, the literature reports an increased 
incidence of these problems in women.1,2,5 
We sought to establish the rate of failure sec-
ondary to adverse reactions to metal debris 
(ARMD) in our patients, to identify relation-
ships between this mode of failure and the wear 
rate of the prosthetic joint, and to provide a 
potential explanation for the increased incidence 
of this in women. There is currently no clear 
consensus in the literature defining the boundar-
ies of the terms metallosis, ALVAL and pseudo-
tumour. Reports suggest that tissues examined 
following revision surgery often exhibit a combi-
nation of the above pathologies.1,3,4 For the pur-
poses of this paper we therefore use the acronym 
'ARMD' as an umbrella term to describe joint 
failures associated with pain, a large sterile effu-
sion of the hip and/or macroscopic necrosis! 
metallosis. 
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Table I. Patient demographics, component details and metal ion concentrations. All values are mean (range) unless marked with '§', in which 
case they are median values 
Demographics 
Number 
Age in yrs (range) 
% female 
Post-operative time in mths (range) 
ASA. (range) 
Femoral size in mm (range) 
Inclination angle in degrees (range) 
Anteversion angle in degrees (range) 
Harris hip score (range) 
Outcome scores 
Number of total ion results (bilateral patients) 
ASR' 
418 
56 (28 to 77) 
44 
35 (8 to 57) 
1.6 (1 to 3) 
48.6 (39 to 59) 
48.5 (31 to 70) 
20.4 (3 to 39) 




51 (32 to 67) 67 (25 to 85) 
43 61 
63 (57 to 85) 41 (10 to 57) 
1.39 (1 to 2) 1.98 (1 to 3) 
47.6 (38 to 58) .47.2 (39 to 57) 
48.3 (32 to 70) 48.8 (36 to 76) 
19.9 (-5 to 39) 19.4 (-9 to 35) 
97 (51 to 100) 76 (29 to 100) 
90 (11) 19 (2) 
Serum metal ion levels (range) er (l1gll)§ 4.46 (0.6 to 115) 4.42 (1.8 to 77) 3.84 (1.6 to 33) 
Co (l1gll)' 2.82 (0.4 to 228) 1.96 (0.7 to 190) 4.27 (1.0 to 29) 
Whole blood metal ion levels (range) Cr (l1gll)1 4.16 (1.5 to 69.8) 4.19 (2.37 to 40) 3.71 (2.4 to 22) 
Co (l1gll)' 2.74 (0.4 to 271) 1.80 (0.63 to 147) 3.26 (1.1 to 32) 
Adverse reactions to metal debris failure at a minimum of six 
months (%) 
* ASR, articular surface replacement 
t BHR, Birmingham hip resurfacing 
* THR, total hip replacement 
llASA. American Society of Anaesrheologists 
Patients and Methods 
The senior author (AVFN) used the Birmingham Hip 
Resurfacing (BHR, Smith & Nephew, Warwick, United 
Kingdom) implant from 2002 to April 2004, and the Artic-
ular Surface Replacement (ASR, DePuy International Ltd, 
Leeds, United Kingdom) thereafter. All patients were 
enrolled in a prospective study to monitor clinical, radio-
logical and functional results. The femoral component of 
the ASR (ASR XL form), can also be used in combination 
With a stem (Corail or SROM, DePuy International Ltd) to 
articulate with the standard ASR resurfacing acetabular 
component. The articulating surfaces of both systems are 
therefore identical in terms of composition and manufac-
turing processes. For this reason we also considered 
patients with ASR THRs in this study. We have already 
described in full the differences in design of the ASR and 
BHR acetabular components.6 
By January 2009, 505 ASR devices had been implanted 
(including 87 ASR THRs) and 155 BHRs prior to April 
2004. Resurfacing procedures were carried out through a 
POsterior approach and THRs through a direct lateral 
approach. The technique used for the resurfacing proce-
dure has also been described previously? The majority of 
resurfacings were performed in patients under 65, but older 
men were included if they were considered biologically 
younger. Patient demographics can be seen in Table I. 
Patients were followed up at six weeks, three and six 
months, and annually thereafter. Harris hip scores8 (HHS) 
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3.2 0.0 6.0 
and University of California, Los Angeles (UCLA) activity 
scores9 were recorded at one year for all patients. 
Radiographic analysis. Weight-bearing, digital anteroposte-
rior (AP) pelvic radiographs were obtained post-operatively 
and at subsequent visits. Assessment of acetabular compo-
nent position was carried out using Einzel-Bild-Roentgen-
Analyse software (University of Innsbruck, Innsbruck, 
Austria)10,11 using all available radiographs in order to 
improve accuracy.12 Radiographic measurements were per-
formed by two of the authors (DJL and SSJ), with mean 
values used for analysis.13 The theoretical distance of the 
articular contact patch to articular rim, which would be 
present in the standing position, was calculated for all 
patients using a method previously described.6 
Metal ion analysis. Blood. From June 2007, Cr and Co ion 
levels in whole blood and serum were routinely analysed 
for each patient with a unilateral implant at a minimum of 
12 months after surgery. Beyond this 'running-in' phase, 
implants are thought to reach a relatively steady state of 
wear.14-16 The sampling method has been described 
previously.13 All samples were frozen and sent for blinded 
trace element analysis to the Biochemistry Department at 
the Royal Surrey County Hospital, Guildford, United 
Kingdom. Samples were measured by inductively coupled 
plasma mass spectrometry. 
Joint fluid. During revision surgery, joint fluid was 
sampled and analysed using the same technique and 
equipment as in collecting blood specimens. Where the 
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joint capsule was still intact, a cannula was inserted 
through the soft tissue prior to incision and drainage of 
the effusion. 
Histopathological examination of tissues from revision pro-
cedures. Specimens were received in formalin from various 
sites within the neocapsule. They were routinely processed, 
embedded in paraffin and stained with haematoxylin and 
eosin. Histological analysis was carried out at x2, x4, x10, 
x25 and x40 magnification using a Nikon Eclipse SOi light 
microscope (Nikon Instruments Europe BV, Amstelveen, 
The Netherlands). A calibrated graticule was used for 
measurements. The various layers of the neocapsule were 
studied. Layer 1 consists of the surface membrane and was 
graded as type 1 to 4.17Type 1 surfaces have an intact pseu-
do synovial membrane. Type 2 surfaces show a loss of the 
pseudosynovial membrane. Type 3 surfaces are associated 
With fibrin deposition in addition to the loss of the surface 
membrane, and in type 4 there is gross disruption of the 
surface membrane with fibrin deposition and fissuriqg. 
~ayer 2 is the subsynoviallayer, which usually contains the 
Inflammatory infiltrate. Layer 3 is the vascular layer, which 
Contains the perivascular lymphocyte cuffing. Layer 4 is the 
deeper layers containing muscle fat and fibrous tissue. The 
thickness of the histiocyte band containing particulate 
matter in Layer 2 was measured using the graticule. The 
presence of perivascular lymphocytic cuffing and its aver-
age thickness in layer 3 was also recorded.4,17 Patients who 
eXperience failure of their hip resurfacings secondary to a 
fractured neck of femur have tissue samples sent for routine 
;nalysis to exclude pathological causes. All tissue samples 
~.om metal-an-metal revision surgery are now graded 
Istologically as described above. 
EXPlant analysis. Since October 2007, explants retrieved at 
~vision surgery have undergone analysis using a Zeiss TSK 
~ndcom60A (Carl Zeiss IMT Group, MinneapoJis, 
Minnesota) roundness measuring machine, which has a 
;esolution > 1 Ilm. Out-of-roundness (deviation in shape 
r
l
om a perfect circle) measurements were taken from three 
Panes for each acetabular and femoral component. For 
;cetabular components these planes were 3 mm, 7 mm and 
{ mm below the rim. For the femoral components these h anes were 3 mm, 7 mm and 11 mm from the 'pole' of the 
a~ad. Modern manufacturing of resurfacing hip prostheses 
w.ows acetabular and femoral components to be produced 
~th an out-of-roundness < 5 Ilm. Explanted components 
With greater out-of-roundness values imply that either 
~aterial has been removed locally (wear) or the component 
L as been distorted. 
Vlllphocyte transformation tests. All patients who had 
Undergone surgery for failure of their metal-an-metal 
Pl~Ostheses secondary to ARMD were invited to attend a Cl' 
b
nlc for metal allergy testing. Blood samples were 
° t . alned for metal-Iymphocyte transformation tests 
~l~~ay~ (Rush University Medical Center, Chicago, 
a lnOlS ).18 Along with the patients with failed joints, 
sYmptomatic patients with the highest blood metal ion 
levels were also invited to attend to give samples. Because 
of the cost and logistics of running such tests, this clinic 
was conducted on a one-off basis and therefore only six 
ARMD patients were able to attend on the relevant day. 
The time interval between revision surgery and blood 
sampling ranged from one day to 19 months. 
Statistical analysis. This was carried out using SPSS version 
16 (SPSS Inc., Chicago, Illinois). The Mann-Whitney U test 
was used to identify significant differences between groups 
with non-parametric data (Cr and Co concentrations; 
comparison of ARMD joint orientations with controls) and 
two sample t-tests were used to compare groups with 
parametric data. The relationship of the blood and joint 
fluid to metal ion concentrations was examined with Spear-
man's rank correlation. Differences were deemed statisti-
cally significant if the p-value was < 0.05. Survival was 
calculated using the Kaplan-Meier method and 95% confi-
dence intervals were calculated. 
Results 
Patients presenting with pain. A total of 16 patients pre-
sented with groin pain. All had an ASR in situ. Of these, 
14 were women. The symptoms and clinical findings were 
similar, although six patients described deterioration soon 
after the operation, and the rest had initially been satisfied 
but developed pain between two and 25 months post-
operatively. Of this group, 13 patients have been revised 
and the remaining three are awaiting revision. This repre-
sents a revision rate of 3.2% (35 months, S to 57) for our 
ASR resurfacings and 6% (41 months 10 to 57) for our 
ASR THRs as a result of ARMD. Pain was localised in the 
groin and aggravated by straight leg raising, and a 'clicking' 
or 'clunking' sensation was often described. In each case the 
WBC, ESR and CRP were normal. 
Each patient underwent aspiration of the hip under 
fluoroscopic guidance, yielding large volumes of yellow! 
green fluid which was occasionally bloodstained. There 
was no microbial growth in any of the samples. In one 
patient, radiographs revealed radiolucent lines in three 
acetabular zones and the joint was subsequently found to 
be loose at revision. In the other patients the radiographs 
showed no evidence of loosening. 
In the first patient who underwent revision there was 
gross swelling of the pseudocapsule and a large volume of 
the fluid bathing the implant and tracking into the psoas 
tendon. These findings have been published previously.7 
Similar appearances were seen at the other 12 revision 
operations, with varying degrees of tissue necrosis around 
the implant. At one revision of an ASR resurfacing the 
pressure of the hip fluid had created a fistula through the 
abductor musculature. In was a further patient a pre-
operative ultrasound scan showed a mass consistent with 
the description of a pseudotumour.1 It was 11 cm x 3 cm 
x 4 cm in size, cystic in nature, and found to communicate 
with the hip joint. At revision an undisplaced fracture of 
the femoral neck was also noted. 
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Table 11. Femoral sizes, acetabular component orientation and metal ion concentrations of the patients with 
adverse reactions to metal debris (ARMD) compared to the remainder of the articular surface replacement 
(ASR) cohort. Mean values are given for size and angles, with median values given for metal ion concentra-
tions with ranges in parentheses 
ARMD Asymptomatic ASRs p-value 
Femoral size (mm) 44.9 (41 to 51) 48.62 (41 to 59) < 0.001 
Inclination angle of acetabular component (0) 52.5 (42 to 70) 48.4 (25 to 68) 0.076 
Anteversion angle of acetabular component (0) 27.4 (18 to 39) 19.7 (-5 to 40) < 0.001 
Whole blood Cr (J.lgII) (range) 29.3 (3.89 to 41.8) 3.89 (1.51 to 69.8) < 0.001 
Whole blood Co (J.l9/1) (range) 69 (7.82 to 99.1) 2.67 (0.38 to 271) < 0.001 
Serum Cr (J.lgII) (range) 33.6 (3.84 to 67.5) 4.23 (0.58 to 115) < 0.001 
Serum Co (J.lgII) (range) 29.7 (4.95 to 96.6) 2.67 (0.38 to 228) < 0.001 
A patient with a 'late' (46 months) fracture associated 
with gross metallosis had been entirely satisfied at two 
years post-operatively. He played football on a weekly 
basis. Routine blood metal ion analysis prior to his frac-
ture had shown whole blood Cr and Co levels to be ele-
vated at 29 f.lgll and 69 f.lgll, respectively. As he was 
asymptomatic, a decision was taken to simply observe 
him, but unfortunately he began to develop acute pain 
prior to a fracture being identified. A CT scan confirmed 
a fracture in the presence of a well-placed femoral compo-
nent, which had been implanted without evidence of 
notching. At revision, the periprosthetic tissues were 
stained black, but there was no gross joint effusion. This 
patient has been included as a failure secondary to 
ARMD, making a total of 17 from this cause. 
JOint orientations and metal ion concentrations. The mean 
anteversion angles of the acetabular component and the 
joint sizes in the ARMD group were significantly different 
from those in the remainder of the ASR cohort (Table Il). 
Blood metal ion concentrations in the ARMD group were 
greatly increased, with the median blood Co ion level 
20 times greater than in the asymptomatic group. Levels of 
Cr and Co in the joint fluid were also significantly increased 
in the ARMD group compared to those obtained from 
patients undergoing revision for other reasons (Fig. 1). 
Histopathology. Histopathological analysis of tissue 
samples from ARMD patients consistently showed wide-
Spread infiltration of histiocytes with areas of tissue 
necrosis. In many cases the histiocytes were seen to contain 
small unidentified black particles consistent with the 
description of metal particulate debris.4 Most viable tissue 
samples exhibited areas with high numbers of Iymphocytes 
forming cuffs around vascular tissue to a greater or lesser 
extent, and synovial ulceration was also frequently seen. 
These characteristics are consistent with the description of 
ALVAL.4 The extent of histiocyte and lymphocytic infiltra-
tion was recorded for each patient, along with the circum-
ference of the observed lymphocytic cuffs. Examination 
of capsular tissues obtained at revision surgery for an 
uncomplicated fracture did not show lymphocytic cuffing 
(Table III). 
Explant analysis. The maximum out-of-roundness value for 
each available explant can be seen in Table IV. The ARMD 
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Fig. 1 
Figure showing the comparison of metal ion concentrations 
in the joint fluid in patients with adverse reactions to metal 
debris and two controls (two Birmingham hip resurfacing 
patients revised for severe neck narrowing and another aspi-
rated for suspicion of infection). The inferior, middle and 
superior horizontal lines of the boxes represent the first 
quartile, median and third quartiles. The ends of the 'whis-
kers' correspond to the limits of the data, beyond which val-
ues are considered anomalous. The mean is displayed with a 
+, outfiers with *, and upper and lower values with •. 
explants showed high out-of-roundness values compared to 
those obtained from explants retrieved for revision for an 
uncomplicated fracture. Although they can be caused by 
deformation secondary to the manufacturing and/or 
implantation processes, the low maximum out-of-round-
ness values for the fracture explants strongly suggest that 
an unexpectedly high rate of wear in vivo resulted in the 
out-of-roundness of the ARMD explants. The out-of-
roundness traces of the acetabular components indicated 
that wear occurred at the edge of the component. The 
traces of the femoral components indicated a variety of 
wear patterns. Some showed localised wear on the superior 
surface, but others implied a more complex pattern, which 
is the subject of continuing research. 
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Table Ill. Histology results and comparison with clinical data. The last three results are given as controls. Zero months indicate that the patient was 
never free of pain post-operatively 
Layer 1 Layer 2 Layer 3 
Histiocyte 
Allergiesl Onset of pain Onset of pain sheet Lymphocyte 
Atopic post initial surgery to revision Layer 1 su rface thickness cuff thick-
Calle Gender condition (mths) (mths) membrene (mm) Lymphocytes ness (mm) Comments 
-1 F Codeine 0 19 Type 4 extensive 3 Absent 0.05to 0.15 
2 F Nil 3 33 Type 4 extensive 0.5 Marked 0.2 to 0.25 Lymphocytic cuffs have 
occasional germinal centres 
3 F Septrin 2 30 Type 3 and type 4 2 Moderate 0.05 to 0.15 Biopsy from first revision 
showed only necrosis 
4 F Morphine 0 36 Type 3 and focal Absent Absent > 200 ml offluid at revision 
type 4 
5 F Elasto- 7 29 Type 4 massive NA' NA NA Necrosis only, no viable 
plast tissue 
6 F Penicillin 0 12 Type 3 and type 4 2 Moderate 0.1 to 0.15 The cuffs form a rosary 
bead appearance 
7 F Elasto- 6 12 Type 4 massive 1.5 Moderate 0.25 to 0.3 Extensive necrosis 
plast 
8 F Asthma, 25 2 Type 3 and type 4 2.5 Mild 0.2 to 0.35 By far the thickest cuffs 
hayfever 
9 F Tramadol, 0 8 Type 3 and type 4 3 Mild/moder- 0.05 to 0.15 Metallic sheen seen grossly 
suncream ate 
10 F Asthma 0 17 Type 3 and type 4 0.9 to 2 Mild 0.15 to 0.2 
11 M Sun cream 8 , Type 4 massive 2.5 Moderate 0.15 Massive area of necrosis 
12 F Nil 0 2 Type 4 massive NA NA· NA Necrosis only 
13 M Nil 35 3 Type 4 extensive 2 Mild 0.25 to 0.3 11 cm )( 3cm )( 4 cm pseudo-
14 M Nil 46t 1 Type 4 massive 
15 F Nil 48 2 
16 M Nil No pain 0 
!Z-. F Nil 52 2 Type 2 
• NA, not applicable 
tPBtient sustained a fracture at 46 months 
t AlVAL, aseptic Iymphocyte-dominated vasculitis-associated lesions 
lVIetal-lymphocyte transformation tests. None of the ARMD 
~arnples showed increased Iymphocyte reactivity to Cr or Co 
In Vitro, or demonstrated an elevated incidence of metal 
senSitivity above that of the general population (10% to 
15% ).18 Only one ARMD patient showed metal reactivity, 
~hich Was a mild response to aluminium, molybdenum and 
nickel (Table V). 
Discussion 
In this series we have described a failure rate as a conse-
qUence of ARMD of 3.2% in our ASR resurfacing group, 
and 6.0% in the ASR THR group. This amounts to a failure 
rate of 3.4% for all patients with ASR prostheses in this 
Study. These figures are likely to represent the 'best case 
s~enario·. Based on our experience, which is consistent with 
t. e repOrts in the literature, 1 metal debris-related complica-
~ons may take several years to develop. The absence of 
f l\MD in the BHR group, despite patients being drawn 
rOrn the same geographical pool, suggests there is no genetic 
Predisposition to this condition. 
\X'e have previously shown that smaller ASR components 
ar~ particularly sensitive to position in terms of metal ion 
re ease.13 Our results have been corroborated by another 
tumour 
3 Mild 0.05 to 0.15 
No features of ALVAL,t 
severe neck narrowing 
No features of ALVAL, early 
fracture 
0.5 Absent 0.15toO.2 Sepsis 
centre.19 We have now shown that ASR patients experienc-
ing joint failure as a consequence of ARMD have signifi-
cantly smaller, suboptimally orientated acetabular 
components than do asymptomatic patients. Concentrations 
of blood and joint metal ions in failed cases were signifi-
cantly increased compared to those in patients who were 
pain free. Explant analysis of the available failed ARMD 
joints confirmed greater wear than expected for the duration 
in situ, as out-of-roundness values are a direct indication of 
the wear depth on the different components. Maximum out-
of-roundness values of ARMD femoral components were 
markedly elevated compared to those of explants retrieved 
following fracture, including a femoral component that was 
retrieved following a fracture two years post-operatively. We 
conclude that an increase in the production of metal debris 
increases the risk of adverse local tissue reactions. There are 
reports of adverse immune responses leading to failure of 
MoM joints where subsequent retrieval analysis showed 
only minimal wear on the bearing surfaces.2o The absence of 
the condition in our study group with BHR implants or 
larger/well-positioned ASRs suggests that these cases repre-
sent a minority group of sensitive patients who go on to 
develop ARMD despite relatively low levels of metal debris. 
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Table IV. Comparison of maximum out-of-roundness values for the analysed adverse reaction to metal debris failures with those 
retrieved following fracture 
Max out of roundness 
Max out of roundness (head) (acetabular component) 
Implant" Time in situ /mths) Reasons for revision /I'm) /I'm) 
ASR 28 Pain, effusion 31.3 
ASR 18 Pain, effusion 17.7 14.8 
ASRTHR 36 Pain, effusion 38.8 
ASR 8 Pain, effusion 91.8 64 
ASR 27 Pain, effusion 38 28.8 
ASR 35 Pain, pseudotumour 12.9 
ASR 14 Pain, effusion 3.69 6.86 
ASR 46 Late fractu re 66.9 
ASR 17 Pain, effusion 32.9 23.1 
ASR 2 Fracture 1.8 
ASR 8 Fracture 3.1 
ASR 0 Fracture 2.5 
ASR 2 Fracture 1.7 
ASR 24 Fracture 2.7 
ASR 6 Fracture 2 
* ASR, articular surface replacement; THR, total hip replacement 
Table V. Metal-Iymphocyte transformation (LTT) results. Time indicates number of months after revision surgery when 
blood samples were taken 





Asymptomatic high ions 26 46.4 
69.8 271 
38 81 
Asymptomatic low ions 2.89 1.04 
3.4 1.5 
* ARMD, adverse reaction to metal debris; 
t A1, aluminium; Mo, molybdenum; N, nickel; Fe, iron 
Levels of blood metal ions correlate well with articular 
Wear in retrieved components, and can therefore be used as 
a surrogate marker in vivo wear.21 We can use this informa-
tion to propose an explanation for the increased incidence 
of ARMD in the ASR group. BHR acetabular components 
provide a greater arc of cover than do ASR components. 
For example, the coverage provided by the average female 
BHR (size 52 mm) acetabular component in this series is 
1620 , with the equivalent ASR component (size 52 mm) 
providing 151 0 of cover. Therefore, in components 
matched for size and orientation, articular contact will take 
place closer to the rim of an ASR acetabular component. 
'This 'edge loading' effect has been shown in numerous 
retrieval studies to be strongly associated with increased 
articular wear,s,22 and this is consistent with the results of 
Our explant analyses. We have previously published work 
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Time LTT resultst 
19 No reactivity 
12 No reactivity 
12 No reactivity 
7 Mild reactivity to A1, Mo, Ni 
7 No reactivity 
1 day No reactivity 
42 Mild reactivity to Ni 
41 No reactivity 
30 Mild reactivity to Ni, Fe 
38 Mild reactivity to Co, Cr, Ni. Moderate to 
Mo 
6 No reactivity 
proposing that the location of the articular contact patch in 
the standing position of the patient is crucial in the develop-
ment of high wear states.6 The closer this patch lies to the rim 
of the acetabular component the greater the chance of 
increased blood metal ion levels. Figure 2 shows the calcu-
lated mean contact patch to rim distances for ASR and BHR 
patients (men and women) in our series. The smaller the 
mean contact patch to rim distance the greater the incidence 
of ARMD. Women are exposed to higher concentrations of 
metal ions owing to a combination of factors: increased 
mean acetabular component inclination and anteversion, 
and a reduced mean joint size (Table II). Anatomical studies 
also show that the average female patient has a greater 
degree of femoral anteversion, which could also lead to pos-
terior impingement and micro separation, a process impli-
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Fig. 2 
Scatter plot showing all metal ion results for all unilateral implants i~ this study. Grey vertical lines represent the mean male (solid' 
line) and female (broken line) Birmingham hip resurfacing 
Patients' calculated contact patch to rim distances. The black verti-
Cal lines represent the equivalent articular surface replacement 
resurfacing patients. Note that the articular surface replacement 
total hip replacement contact patches for men and women are 
omitted because of their almost identical values to the articular 
SUrface replacement resurfacing male and female patient groups. 
Illetal ion concentrations are associated with disturbing 
alllounts of tissue necrosis, even when the patient remains 
aSYmptomatic.21 
Some individuals and populations (e.g. women) have a 
~reater predisposition to have or develop metal-associated 
elayed-type metal hypersensitivity, possibly as a conse-
qUence of prior metal sensitisation caused by jewellery24 or, 
~nYironmental exposure. Metallic ions purportedly become 
~und to plasma proteins, and the resulting complexes may 
Stllllulate an immune response.25-27 Furthermore, this 
~eaction is metal specific, and the observed reactivity corre-
ates with serum levels of metal ions in vivo.28 However, the 
results we obtained from the lymphocyte transformation 
~est studies were not consistent with this idea. The lack of 
.Ylllphocyte reactivity to Cr and Co ions implies that if an 
Illllllune response is the pathogenic factor in the develop-
Ill~nt of an effusion, necrosis and pain, then it is likely to be 
a ocalised response rather than a pre-existing or systemic 
:~?SitiV~ty. The fact that two of the patients with ARMD in 
t IS senes had bilateral implants but only unilateral symp-
.Ollls lends support to this theory. However, localised 
Illlm . 
une responses may act to sequester actIvated lympho-
cYtes to the site of the joint inflammation and lead to fewer 
~Yailable peripherally primed circulating lymphocytes for 
JIllPhocyte transformation testing, and hence a non-
eYated systemic response in vitro.29 
i the unsatisfactory outcome in the two patients described 
an this series who were revised to metal-on-metal bearings, 




























Scatter plot showing joint fluid metal ion concentrations versus blood 
metal ion concentrations. Spearman's rank correlation .. -0.599, 
p = 0.09. Included here are two results from one Birmingham hip 
resurfacing patient revised for severe neck narrowing and another 
aspirated for suspicion of infection. 
immune response.7 Newly published results30 have impli-
cated a mediated response to Co-Cr-Mo alloy particles as a 
potentially important factor in reactions to metal debris. 
This type of reactivity, which has been shown to be critical 
to sensitivity responses to other non-metal antigens, would 
fit with the appearance of the ARMD tissues, which show 
heavy histiocyte infiltration. However, there is also accu-
mulating evidence to show that massive concentrations of 
Cr and Co ions in the joint fluid could alone explain the 
observed micro- and macroscopic tissue necrosis.31,32 
The relationship between blood and joint concentrations 
of metal ions is unexpected and warrants further investiga-
tion. In patients with the highest concentrations of joint 
metal ions, Cr ions predominate, with a concentration 
around four times that of Co. In the blood of the same 
patients, the opposite is true, with Co concentrations two 
to three times those of Cr (Fig. 3). Only when blood metal 
ions are present in high concentrations do they reflect the 
ratios of the metal alloy from which they are released 
(Co:Cr 2.4:1). We acknowledge the small size of our data 
set, but the results do appear to suggest that Cr is seques-
tered in and around the joint space, with Co apparently 
more easily released into the circulation. Transmission elec-
tron microscope studies of metal particulate matter from 
tissues retrieved at revision surgery for failed joints at other 
centres, have shown that these particles are composed 
almost entirely of Cr, mostly in the form of a product of 
corrosion, chromium orthophosphate.33,34 
Early failure as a consequence of ARMD is probably 
multifactorial. Modifiable factors such as the orientation of 
the acetabular component and implant design conspire 
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Kaplan-Meier survival chart of the articular surface replacement . 
patients with a calculated contact patch to rim distance> 10 mm 
~black) versus < 10 mm (grey). Broken lines represent 95% confidence 
Intervals. Minimum follow-up for inclusion was six months. 
With non-modifiable factors, including component size and 
host tolerance/response, to determine the success or failure 
of the resurfacing procedure. We have an unacceptably high 
failure rate secondary to ARMD in patients with small ASR 
bearings (Fig. 4). We have previously identified what we 
believe to be the optimal orientation for the ASR acetabular 
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component and highlighted the relatively small margins of 
error involved when attempting to reduce blood metal ion 
concentrations.13 This investigation has described the clin· 
ical consequences of the resultant increase in articular wear 
when these boundaries are exceeded (Fig. 5). Numerous 
studies have shown that surgeons cannot consistently 
achieve the desired acetabular component orientation,34,35 
and our own experience is consistent with the literature. 
Surgeons must consider implant design, expected compo-
nent size and positioning of the acetabular implant in order 
to reduce early failures when performing large-bearing 
metal-on-metal hip resurfacing and THR. 
Supplementary material 
m Appendices giving further information on proliferation assay and hip .. joint contact are available with the electronic version of this article on our website at www.jbjs.org.uk 
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Abstract: Metal-on-metal resurfacing hip prostheses offer potential benefits over total hip 
replacement for younger and more active patients. Although some reported clinical results of 
resurfacing hip prostheses are excellent, other outcomes are less positive. To aid with under-
standing the balance of benefits related to these devices, analysis offailed resurfaCing prostheses 
can contribute critical insights. However, because these implants are so new there are relatively 
few such prostheses available for independent ex vivo analysis. From a single-surgeon clinical 
cohort, a number of failed resurfacing hip prostheses were obtained and studied. It was found 
that roughness values of the articulating surfaces had increased so that the theoreticallubrica-
tion regime would shift from the fluid film to the boundary. In turn, this would likely result in 
increased wear from the articulating surfaces. High ion levels were seen in the patients from 
whom the explants were obtained, thus supporting the hypothesis that wear was linked with 
failure ofthe explanted hip resurfacing prostheses. 
Keywords: metal-on-metal, cobalt chrome, hip resurfacing, hip prostheses, explant 
1 BACKGROUND 
Total hip replacement has been hailed as the outstand-
ing achievement in orthopaedics of the twentieth 
century [1] and tribological expertise has contributed 
greatly to this success. Hip replacement is now a com-
monplace surgical procedure in many countries and 
the most recent data indicate that in England and 
Wales in the year 2006-2007 more than 55000 pri-
mary hip replacement procedures were undertaken 
[2]. The average age ofthese patients was 68 years [2]. 
The majority of these people will enjoy the benefits 
of pain relief, increased independence, and enhanced 
mObility. Moreover, the success of the procedure has 
led to increased demand for surgical intervention 
and, coupled with an ageing population, it has been 
-
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recognized that the prevalence of hip replacement will 
grow rapidly [3]. 
Unfortunately, not all of the hip prostheses that are 
implanted will show long-term success. The major-
ity of total hip prostheses employ a hard metal or 
ceramic femoral component that articulates against a 
polyethylene acetabular socket. It is now recognized 
that excessive wear from the polyethylene compo-
nent can result in a negative cascade of events within 
the body, which can eventually result in osteoly-
sis, loosening of the implant, pain, and the need 
for revision surgery [4]. It is also acknowledged that 
younger patients tend to place greater demands on 
their hip prostheses, which in turn leads to greater 
wear and consequently reduced longevity and sur-
vivorship [5J. Much effort has therefore been directed 
at reducing wear volumes from hip prostheses, so 
patients of all ages can benefit from hip replace-
ment. For example, the wear properties of polyethy-
le ne can be improved by irradiation cross-linking. 
From one clinical trial, a 40 per cent lower wear 
rate of cross-linked polyethylene acetabular cups has 
recently been reported [6]. 
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One method of eliminating the problem of poly-
ethylene wear debris is to employ a wear couple 
of cobalt chrome molybdenum (CoCr) articulating 
against itself. This material combination has led to 
a renaissance of metal-on-metal hip prostheses [11. 
An exciting subsequent development has been to offer 
metal-on-metal resurfacing prostheses [7]. These have 
a relatively large diameter and are therefore less likely 
~o dislocate [8]. They also offer the potential benefits 
Inherent in removing less femoral bone stock com-
Pared with conventional total hip replacement. For 
SUch reasons, these resurfacing hip prostheses tend 
tho be implanted in younger patients. Recent data from 
t e UI<have shown that for patients under the age of 55 
who receive a hip replacement, 46 per cent will receive 
a resurfacing implant [9]. 
What then are the tribological benefits of metal-
?n-metal resurfacing hip prostheses? By minimiz-
Ing surface roughness as far as possible, controlling 
~Phericity and reducing the clearance between tlie 
;ad and the cup, and given the material properties 
~ CoCr plus the relatively large size of the articula-
~on, this theoretically allows fluid film lubrication to 
e achieved during part of the gait cycle [10]. Vari-
~us deSigns of hip resurfacing prostheses are offered 
or seVeral orthopaedic joint manufacturers (7). The 
B' ark~t leader is the earliest contemporary design, the 
s~trnIngham Hip Replacement (BHR). This device has 
M own some very good mid-term clinical results [8,9]. 
III ore recent designs include the Ourom™ from Zim-
fr er and the Articular Surface Replacement (ASRTM) 
~, inom De Puy. Both of these designs differ from the BHR 
to that they employ a sub-hemispheric acetabular cup 
tioreduce acetabular bone removal prior to implanta-
flu~ and smaller diametral clearances to promote the 
~ fil~ lubrication. 
\ , 
jOi s Will be appreciated, the truest test of any total 
th ntbreplacement occurs when it is implanted into 
tioe ody. Although it may be of small consola-
a r. to the individual involved, an examination of de~lled replacement joint can provide crucial evi-
the Ce as to how these devices can be improved for 
(l/in benefit of future patients suffering from crip-
has g musculo-skeletal diseases. Such explant analysis 
[12] Usefully been undertaken for knee (11), finger 
hip' and toe [13) prostheses as well as for total 
intr~~Pla~ements [14J. Given their relatively recent 
hav . UctlOn, there are comparatively few papers that 
ses ~ InVestigated explanted resurfacing hip prosthe-
5]. 
re~nOther issue with metal-on-met~l hip joints, total 
the ~cement as well as resurfacing is the exposure of 
level Ody to metal ions. There are concerns that high 
Illay s of systemic chromium (Cr) and cobalt (Co) ions 
terat cause organ toxicity, carcinogenicity [16, 17), and 
eVid ogenicity [18). There is currently no conclusive 
is a;nce of these adverse effects but, as yet, there ~ absence of large epidemiological studies in the 
()roc~ 
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literature [17). Clearly it is desirable to reduce the 
metal ion loads to which patients are exposed. 
2 METHODS 
The largest independent, single surgeon cohort of 
resurfacing hip prostheses in the UK has formed 
part of an ongoing clinical investigation that includes 
approximately 390 ASRTM prostheses (19). Patients in 
this clinical study were monitored in a number of 
ways. Standing antero-posterior pelvic radiographs 
were taken and Einzel-Bild-Roentgen-Analyse (EBRA) 
software was used to measure the acetabular cup incli-
nation and anteversion angles [20, 21). Many of the 
patients underwent whole blood metal ion analysis 
(Co and Cr concentrations) at a minimum 1 year fol-
lowing their resurfacing hip replacement [19). Whole 
blood samples were measured by inductively coupled 
plasma mass spectrometry, which is regarded as the 
most sensitive method for measuring systemic expo-
sure to Cr and Co ions [18]. Ten patients {2,4 per cent} 
within this 390 ASRTM cohort presented with pain and 
a number were operated on and fitted with a ceramic-
on-ceramic hip prosthesis. From two patients, ASRTM 
hip resurfacing femoral head and acetabular cup were 
available for explant analysis. From another three 
patients, only femoral components were available. All 
five patients were female. The duration of implanta-
tion varied between 8 and 35 months. It should be 
noted that none of the failed prostheses described in 
this article were associated with failure due to frac-
ture of the femur. This is important as femoral neck 
fractures are said to be the main reason for early hip 
resurfacing failure [22). 
The roughness values of the articulating surfaces of 
the explanted resurfacing hip prostheses were mea-
sured using a ZYGO NewView 5000 non-contacting 
profilometer. A similar device has been used pre-
viously to analyse resurfacing hip prostheses tested 
in vitro (23). For each component ten roughness mea-
surements were taken and then the average of these 
was calculated. The readings were taken at the pole 
and then at nine points obtained by intersecting 'longi-
. tude' lines spaced 40° apart, combined with a position 
30° offset from the central axis of the component. A 
Mitutoyo Crysta 544 co-ordinate measuring machine 
was used to measure the spherical diameter of the 
head and the cup, following the guidance ofthe appro-
priate British Standard [24], and thus the diametral 
clearance could be calculated. Mitutoyo report an 
accuracy (B) of B = (3.5 + 0.45LI100) /-Lm, where L is 
the length of the component being measured, as well 
as a probe repeatability of 4 !-Lm, for the Crysta 544 
co-ordinate measuring machine. The same roughness 
and dimensional measurements were also taken from 
a 'Do Not Implant' (ON I) ASRTM prosthesis (Fig. 1) and 
compared. 
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Fig. 1 The 'ONI' ASRTM prosthesis, acetabular cup to the 
left, femoral component to the right 
Using this dimensional data and modelling the 
resurfacing hip prosthesis as an equivalent ball-on-
plane model and employing elastohydrodynamic the-
ory [25] allowed the minimum effective film thickness 
(hmin ) to be calculated from 
~ = 2.80 _TJ_ ~ h . (u )0.65 ( )-0.21 
Rx E*Rx E*R~ 
Here, Rx is the equivalent radius (m), TJ is the viscos-
ity of the lubricant (Pa s), u is the entraining velocity 
(m/s), E* is the equivalent elastic modulus (Pa), and 
W is the load (N ). In turn, given that Ra is the surface 
roughness and assigning subscript 1 to the head and 
s~bscript 2 to the acetabular socket of the resurfacing 
hIP prosthesis under consideration, the lambda values 
Were calculated from 
, hmi n A.=-__ =_----.,.-,.". 
[(Ral )2 + (Ra2 )2]"2 
This allowed the lubrication regime to be identified, 
as A. < 1 indicates boundary lubrication, )... > 3 desig-
nates fluid film lubrication, and between these values 
mixed lubrication is indicated [26]. 
Before these calculations could be undertaken, the 
equivalent radius (Rx) was calculated from 
1 1 1 
Here, R refers to the radius of the component and 
subscript 1 refers to the femoral head and subscript 2 
to the socket of the resurfacing hip prosthesis under 
consideration. The equivalent modulus of elasticity 
was determined from the equation 
_ = 0.5 __ I + __ 2 1 (1 - 1)2 1 - 1)2) 
E* El E2 
Again, E refers to Young's modulus of the compo-
nent and subscript 1 refers to the femoral head and 
subscript 2 to the acetabular socket ofthe resurfacing 
hip prosthesis, similarly for the two Poisson's ratios. 
Hip joints can move at a range of speeds. Taking 
an average angular velocity (cv ) of 1.5 rad/s [27] then 
allowed entraining velocity to be calculated for the par-





A range of loads can be taken by the natural hip 
joint. From the literature, an average load of 2500 N 
was taken [27]. In addition, a viscosity of the synovial 
fluid lubricant of 0.0025 Pa s was assumed, together 
with a Young's modulus of21O GPa and a Poisson's ratio 
of 0.3 for CoCr [27] . 
3 RESULTS 
The results of the ex vivo analysis alongside the related 
clinical data are summarized in Table 1. Clinically, all 
five acetabular cups were implanted with inclination 
angles over 50° and anteversion over 29°. Each ofthese 
explanted resurfacing hip prostheses was associated 
with high ion levels in the patient from whom it was 
removed. All prostheses were towards the small size 
of the available range, with an articulating diameter of 
less than or equal to 50.5 mm. Data from the wider clin-
ical ASRTM cohort showed that median whole blood 
metal ion levels were 1.991lg/l for Co and 3.42 1lgll for 
Cr, whereas the mean cup inclination and anteversion 
angles were48S and 19.8°, respectively [19]. Forcom-
parative purposes the values of Co and Cr in the blood 
Table 1 Experimental and clinical results 
Sample/patient DNI 1 )' 2 )' 3 )' 4 )' 5 )' 
Roughness head (Ilm Ra) 0.010 0.135 0.045 0.047 0.025 0.062 
Roughness cup (Ilm Ra) 0.01 2 0.058 0.044 
Diametral clearance (Ilm) 87 110 96 
Articulating diameter (mm) 48.5 50.5 42.5 45.5 46.5 42.5 
Lambda value 3.9 0.38 0.65 
Implantation time (months) 27 8 35 22 24 
Ion levels Cr (Ilg/l) 5.3 35.9 22.0 
Ion levels Co (Ilg /l) 7.8 87.5 32.2 
Cup inclination (0) 50 65 60 57 
Cup anteversion (0) 32 39 31 29 
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of pre-operative patients have been reported as 1.75 
and 0.05!-lgll, respectively [281. 
The data for the 'ON!' components can be con-
trasted with that from the five patients, identified by 
numbers 1-5 in Table 1. As can be seen, the mea-
surements of the 'ON!' ASRTM components, with the 
head and cup surface roughness values of 0.010 and 
O.012!-lm, respectively, and a diametral clearance of 
871-lm, give a lambda value of 3.9 and imply that such 
an implant would operate under fluid film lubrication. 
In contrast, the two prostheses for which the ex-
planted head and cup were available can be seen to 
each have a lambda value of less than 1 and therefore 
at the time of revision surgery would have operated 
under boundary lubrication. Where a head and a cup 
Were not available (patients 3-5), a diametral clearance 
as Well as a compound surface roughness could not be 
Cajculated and therefore the lubrication regime could 
not be determined. 
I ~t is clear from the roughness values of the articu-
~hng surfaces of the explanted resurfacing hip pros-
~ ~se.s that they have roughened when in the body. 
hiS IS clearest in the case of patient 1, with an aver-
~ge roughness value of 0.135I-lm Ra for the head and 
.
058 1-lm for the cup. Together with a diametral clear-
a~ce of 110 I-lm these results indicated that, at the time 
~ removal, the prosthesis would have operated in the 
OUndarylubrication regime. Otherexplanted femoral 
components showed articulating surfaces with aver-
age roughness values of between 0.025 and 0.062 !-lm. 
The explanted acetabular cup from patient 1 also 
showed evidence of the rim damage. 
Images from the ZYGO non-contacting profilometer 
are given in Figs 2 to 3. Figure 2 shows a typical pair 
of images of the surface of the 'ON!' cup. It can be 
seen that a roughness value of 0.0061-lm Ra has been 
measured. This value indicates the smoothness of the 
surface as does the uniformity and lack of scratches 
seen on the oblique plot of Fig. 2. 
In contrast, Fig. 3 shows a similar pair of images 
taken from the explanted femoral head ofthe prosthe-
sis of patient 1. Here, it can be seen that a roughness 
value of 0.210 I-lm Ra has been measured. Together 
with the topography this data indicate that significant 
roughening has occurred to this articulating surface 
in vivo. 
4 DISCUSSION 
The values measured from the 'ON!' prosthesis, specif-
icaJlya diametral clearance of87!-lm and head and cup 
surface roughness values of 0.010 and 0.012!-lm Ra, 
respectively, were credible. A representative diametral 
clearance of ASRTM metal-on-metal resurfacing pros-
theses is said to be approximately 100!-lm [29, 301. 
Fig.2 ZYGO images of 'DNI' cup 
Fig.3 ZYGO images of explanted femoral head from patient 1 
~~~~--------------------------------------------------------------~----~---
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Roughness values for the articulating surfaces of 
metal-an-metal hip prostheses have been offered as 
typically 0.005 and O.OIO!-Lm [31] and between 0.005 
and 0.025 !-Lm Ra [27]. 
Perhaps the key question is what caused these 
resurfacing hip prostheses to fail? From the larger 
cohort of which these failed prostheses were a sub-
set, it has been shown that higher blood ion levels 
were associated with three factors: acetabular cup 
inclination greater than 45°, acetabular cup antev-
ersion greater than 20°, and components with artic-
ulating surfaces of diameter less than or equal to 
51.5 mm [19]. 
Considering the latter point first, the tribological 
theory informs us that, all other things being equal, 
smaller implants will tend to operate further from the 
fluid film lubrication than larger implants. However, if 
the roughness and clearance for the 'DNI' prosthesis 
Were to be applied under the conditions detailed above 
to the smallest size of failed ASRTM, at 42.5 mm artic-
ulating diameter, then this results in a lambda value 
of 2.6. This is fairly close to the lambda value of 3 that 
implies fluid film lubrication. Values of lambda that 
approach 3 have been described as the 'mild' - mixed 
lubrication regime [IJ. Therefore, size alone cannot 
explain the failures, although smaller implants may 
tend to work in the mixed lubrication regime rather 
than under fluid film lubrication. 
Can the high angles of acetabular cup inclina-
tion and anteversion have been a contributing factor 
to the failure of theses resurfacing hip prostheses? 
This is certainly possible as, at high angles of incli-
nation, not only have higher metal ion levels been 
reported in patients [32], but so too has edge load-
ing [15]. Such edge loading was also seen in the 
form of rim damage on one of the two explanted 
cups studied. This edge loading may have initiated 
the wear and in turn the increase in surface rough-
ness that was measured. In addition to noting the 
Correlation between the acetabular cup inclination 
and ion levels in patients fitted with resurfacing 
hip prostheses, the importance of edge loading has 
also been reported recently [33J. These authors pos-
tUlated that at such high angles the 'arc of cover' 
between the femoral head and the acetabular ctip 
Was reduced and they found that smaller arcs of the 
cover were associated with higher wear [33]. Such 
an explanation could also apply to the ASRTM pros-
theses discussed in the current article. Another very 
recent study has reported a 21-27-fold greater wear 
rate in rim-loaded hip resurfacing explants compared 
With non-rim-loaded samples [22]. It should also be 
recognized that in 'conventional' metal-on-polymer 
~otal hip prostheses failure rates have increased with 
~nclination of the acetabular cup [34], while the 
importance of acetabular position to low wear has 
also been identified in ceramic-on-ceramic total hip 
Prostheses [35]. 
A recent simulator study, mainly on 28 mm diam-
eter metal-on-metal total hip replacements, but also 
involving some 39 mm diameter hip resurfacings 
showed a five-fold increase in wear when the incli-
nation angle was changed from 45° to 55° [36]. A 
separate simulator study also showed greater wear as 
inclination angles increased [37]. 
Although a small number of studies of explanted 
resurfacing hip prostheses have been undertaken 
[15, 38], none of these have offered values of roughness 
for the articulating surfaces. Therefore, this article is 
the first to offer such data. In the boundary lubrication 
regime, with its preponderance of surface-to-surface 
interaction, increased wear would be expected. In 
turn, this would result in higher volumes of wear 
debris. In addition, the relatively large size of the resur-
facing hip prostheses means that, under boundary 
lubrication conditions. wear is taking place over a 
large sliding distance so that volumes of wear debris 
are maximized. Recently, large amounts of particulate 
wear debris have been linked with a toxic reaction in 
localized cells and the attendant failure of resurfacing 
hip prostheses [39]. Clearly the high wear could also be 
directly linked with the higher ion levels, which were 
measured in the patients from whom these explanted 
resurfacing hip prostheses were obtained [19]. 
5 CONCLUSIONS 
The results presented in this article suggest that 
explanted resurfacing hip prostheses, which have 
been implanted with high cup inclination and antev-
ersion angles, have higher values of surface roughness 
compared with a new prosthesis of the same type. 
The explanted prostheses may therefore have operated 
under boundary rather than fluid film lubrication. In 
turn, this may have led to greater than expected wear, 
concomitant higher ion levels in the patients, and may 
also be linked with early failure of these prostheses. 
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Due to their recent introduction there are few studies of retrieved resurfacing hip prostheses. Nine such 
components associated with groin pain in pa tients. and five associated with early fracture of the femur. 
were obtained and analysed using a roundness measuring machine. While the 'fracture' components 
showed no more than 3 ~lm out of roundness. components associated with groin pain showed between 
15 and 92 ~lm out of roundness values. These latter results indicate wear and correlated with high metal 
ion levels in these patients. therefore the groin pain was likely associated with an adverse reaction to 




A recent article in the Lancet was entitled 'the operation of the 
century: total hip replacement' [1 J. Tribological expertise has 
CO~.tributed greatly to the success of this surgical procedure 
~ Ich helps many patients suffering from common musculo-
S eletal diseases. Hip replacement is now commonplace in many 
~Untri~s and the most recent data indicates that in England and 
111 ales 10 the year 2008 more than 64.000 primary hip replace-
P e~t procedures were undertaken [2 J. The average age of these 
t~tlents Was 67 years [2] . The majority of these people will enjoy 
111 e benefits of pain relief. increased independence and enhanced 
in ability. Moreover. the success of the procedure has led to 
a c~eased demand for surgical intervention and. coupled with an 
hfelng popu lation. it has been recognised that the preva lence of 
P replacement will grow rapid ly [3J . 
il11 Unfortunately. not all of the hip prostheses which are 
hi Planted w ill show long-term success. The majority of total 
coP prostheses employ a hard metal or ceramic femoral 
So ~ponent. which art iculates inside a polyethylene acetabular 
po~ et. It is now recognised that excessive wear from the 
ev yethylene component can result in a negative cascade of 
1 0~nts . Within the body wh ich can eventually resu lt in osteolysis. 
[4] sen~ng of the implant. pain. and the need for revision surgery 
gr~ It IS also acknowledged that younger patients tend to place 
greater demands on their hip prostheses. which in turn leads to 
shi ater Wear and consequently reduced longevity and survivor-
vat [5] . Much effort has therefore been directed at reducing wear 
Ullles from hip prostheses so patients of all ages can benefit 
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from hip replacement. For example. the wear properties of 
polyethylene can be improved by irradiation cross-linking. From 
one clinical trial a 40% lower wear rate of cross-linked poly-
ethylene acetabular cups has recently been reported [6J. 
One method of eliminating the problem of polyethylene wear 
debris is to employ a wear couple of cobalt chrome molybdenum 
(CoCr) articu lating against itself. This material combination has 
led to a renaissance of metal-on-meta l hip prostheses [71 . An 
exciting subsequent development has been to offer metal-on-
metal resurfacing prostheses [8] . These have a relatively large 
articulating diameter and are therefore less likely to dislocate [9J. 
They a lso offer the potential benefits inherent in removing less 
femoral bone stock compared with conventional tota l hip 
replacement. For such reasons these resurfacing hip prostheses 
tend to be implanted in younger patients. Recent data from the 
UK has shown that for patients under the age of SS who receive a 
hip replacement. 46% will receive a resurfacing implant [10] . 
What then are the tribological benefits of metal-on-metal 
resurfacing hip prostheses? By minimising surface roughness as 
far as possible. controlling sphericity and reducing the clearance 
between the head and cuP. and given the material properties of 
CoCr plus the relatively large size of the articulation. this 
theoretically allows fluid film lubrication to be achieved during 
part of the gait cycle [11] . In turn this should mean that wear of 
the articulating surfaces is minimised. 
Various designs of metal-on-metal hip resurfacing prostheses 
are offered by several orthopaedic joint manufacturers [8]. The 
market leader is the earliest contemporary design. the Birming-
ham Hip Replacement (BHR). This device has shown some very 
good mid-term clinical results [9. 101. More recent designs include 
the Durom ™ from Zimmer and the Articular Surface Replacement 
(ASRTM) from De Puy. Both of these designs differ from the BHR in 
that they employ a sub-hemispheric acetabular cup to reduce 
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acetabular bone removal prior to implantation and smaller 
diametral clearances to promote fluid film lubrication. 
Like many other hip resurfacing systems, the ASR™ is 
designed so that the femoral component is cemented in place 
whereas the acetabular component is a cementless press-fit. 
Heads are as cast while cups are also subject to hot isostatic 
pressing [8] . Both components are manufactured from high 
carbon ( ;:: 0.15%) CoCr. An image of an ASR™ prosthesis is shown 
In Fig. 1. To the left is the sub-hemispheric acetabular cup 
~ornponent. The porous coating designed to encourage bone 
~ngrowth can be seen on the outside of the cup. Note that the 
Inner, articulating surface does not extend all the way to the rim 
~f the cup. Instead there is a step which matches with an 
l~trOducer'_a device used during surgery to aid fitting of the cup 
Within the pelvis. To the right is the femoral component. In 
c~rnparison with a traditional total hip replacement, note the 
s Ort stem which can be seen protruding to the right. 
As may be appreciated, the truest test of any replacement joint 
occurs When it is implanted into the body. Although it may be of 
~~a ll Consolation to the individual involved, an examination of a 
t~lled replacement joint can provide crucial evidence as to how 
ese devices can be improved for the benefit of future patients 
SUffering from crippling musculo-skeletal diseases. Such explant 
analYsis has usefully been undertaken for knee [12] , finger [13] 
~~d toe [14] prostheses as well as for total hip replacements [15]. 
~ IVen their relatively recent introduction there are comparatively 
pew papers which have investigated explanted resurfacing hip 
rOstheses [16- 19]. 
r An important issue with metal-on-metal hip joints, total 
t~Placem~nt as well as resurfacing, is the exposure of the body 
ch rne~al Ions. There are concerns that high levels of systemic 
c/o.rnlum (Cr) and cobalt (Co) ions may cause organ toxicity, 
Il rClOogenicity [20,21] and teratogenicity [22]. There is currently 
a~ Conclusive evidence of these adverse effects but, as yet. there is 
Cl absence of large epidemiological studies in the literature [21]. 
pa~~rly it is desirable to reduce the metal ion loads to which 
~nts are exposed. 
cill ne accepted concern related to metal-on-metal hip resurfa-
th g prostheses is early fracture of the femur [23,24]. This is 
l e~ught to be due to a number of reasons including the surgeon's 
bo~nlng curve, gender differences in patients, as well as their 
ilil r ma~s [25] . Such fractures generally occur soon after Sta~ antatlOn, usually within one year. It has therefore been 
hip ed that femoral neck fractures are the main reason for early 
~esurfacing failure [17] . 
SUg ery recently there has emerged a body of evidence which 
Iile;~st~ that, despite the theoretical advantages of metal -on-
IUbra h~p resurfacing prostheses in terms of promoting fluid film 
ICatlon and minimising surface-to-surface contact, wear may 
be a serious problem in some of these devices [1 8,26-28 ]. By 
examin ing a number of explanted metal-on-metal hip resurfacing 
devices, it was intended to offer some evidence to inform this 
nascent concern. 
2. Material and methods 
The largest independent, single surgeon cohort of resurfacing 
hip prostheses in the UK [26] has formed part of an ongo ing 
clinical investigation which includes approximately 500 ASR™ 
prostheses. Patients in this clinical study were monitored in a 
number of ways. Standing antero-posterior pelvic radiographs 
were taken and Einzel-Bild-Roentgen-Analyse (EBRA) software 
was used to measure acetabular cup inclination and anteversion 
angles [29,30] . Many of the patients underwent whole blood 
metal ion ana lysis (Co and Cr concentrations) at a minimum one 
year following their resurfacing hip replacement [26] . After one 
year, it has been argued that the 'bedding- in' period will have 
ceased and steady state wear has been achieved [31,32] . Whole 
blood samples were measured by Inductively Coupled Plasma 
Mass Spectrometry (ICPMS), which is regarded as the most 
sensitive method for measuring systemic exposure to Cr and Co 
ions [22] . 
From ten patients within this ASR™ cohort, fourteen ex-
planted components were obtained for analysis. Five of these 
patients had reported pain and a characteristic effusion was seen 
at revision operation. From four of these patients, ASR™ femoral 
head and acetabular cup were available for explant analysis. From 
the fifth patient, on ly the femoral component was available. All 
five patients were female. Duration of implantation varied 
between 8 and 28 months. The remaining five ASR™ explants 
were obtained from patients whose femurs had fractured . In these 
cases only the femoral component was available for analysis. 
Here. devices were obtained from males and females and within 
eight months of implantation. 
Each explanted component was examined using a Zeiss TSK 
Rondcom60A roundness measuring machine. Essentially, out of 
roundness refers to the deviation in shape from a perfect circle. 
Modern manufacturing of resurfacing hip prostheses allows 
acetabular and femoral components to be produced with an out 
of roundness of less than 5 ~lm. Explanted components with 
greater out of roundness values imply that either material has 
been removed locally (wear) or that the component has been 
deformed. Devices such as the Zeiss TSK Rondcom60A roundness 
measuring machine have a resolution of approximately 0.1 J..lm. 
Out of roundness measurements were taken on three planes for 
each acetabular and femoral component. For the acetabular cups 
these planes were at 3, 7 and 11 mm below the rim. For the 
femoral heads these were at 3, 7 and 11 mm from the 'pole' of the 
head. Three traces were used at set distances between 3 and 
11 mm as this gave a consistent procedure. As each prosthesis 
was subject to a unique range of loading and motion in the 
individual patient, so the exact area of wear or deformation would 
be unique too. The aim of measurements between 3 and 11 mm 
was to take in a substantial region where any changes might have 
occurred. 
3. Results 
The maximum out of roundness values for the fourteen ASR™ 
components taken from the ten patients are given in Table 1. As 
ti!l.l can be seen, those components associated with early fracture of 
felllo;at~ unused ASR™ resurfacing hip prosthesis. acetabu lar cup to the left and the femur all showed the lowest out of roundness values, with a 
ead to the right. maximum of 3.1 J..lm. Given such low out of roundness values, all 
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Table 1 
Maximum out of roundness (OOR) values of the explanted components and associated clinical data. 
Patient Head OOR (Ilm) Cup OOR (~lm) Reason for revi sion Duration (months) Cr (Ilg/I) Co (Ilg/I) Cup inclination (' ) Cup anteversion (' ) 
1 I' 31.3 Pain, effusion 28 
2 I' 17.7 14.8 Pain. effusion 18 
3 I' 91.8 64.0 Pain, effusion 8 
4 I' 38.0 28.8 Pain, effusion 27 
5 I' 32.9 23.1 Pain, effusion 17 
6 I' 1.8 Fracture 2 
7 0 3.1 Fracture 5 
8 2.5 Fracture 
9 0 1.7 Fracture 8 
10 0 2.0 Fracture 
Roundness 
Data No . : 1 , 2 , 3 
I [> P==l . .Jutn 2 70 
20um 
2 P-P==O . 7um 
3 [>- [>=2 . 0um x500 
F~g. 2. Roundness traces taken of an ASR™ femoral head associated with fracture 
o the femur (patient 10). 
W~thin manufacturing tolerances, these components showed 
rnInimal wear or deformation. A typical set of roundness traces 
~an be seen in Fig. 2 and the consistency and circularity of the 
. races is obvious. In fact it is difficult to discern the three Ind ' . F' IVldual traces, so consistent are they. As can be seen from 
Ig. 2, values of out of roundness on the three measuring planes 
~ere 1.4, 0.7 and 2.0 ~m. Out of roundness traces for the other 
t~acture' components looked almost identical to Fig. 2, with the 
fi ree traces overlapping. Note that in Fig. 2 and in all subsequent 
gUres the same magnification ( x 500) has been offered therefore 
round 
ness traces can be compared directly. 
W' Table 1 shows that, where pain and effusion were associated 
rnlth the reason for revision, the out of roundness values were 
t uch greater, up to a maximum of 91.8 ~m in the case of the 
cernoral head from patient 3. The roundness traces from this 
:~~onent are shown in Fig. 3, and it can be seen that the 
th Xlmum out of roundness is on the plane 3 mm from the pole of 
n
e femoral head. The contrast with the circular shape of Fig. 2 is 
Otable. 
p The roundness traces from the retrieved femoral head of 
t~tient 5, another 'effusion' failure, are shown in Fig. 4. On the 
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Fig. 3. Roundness traces taken of an ASR™ femoral head associated wi th an 
'effusion' and groin pain failure (pa tient 3 ). 
32.9 ~m have been measured. This implies that wear or 
deformation was taking place over a substantial area of the 
femoral head. Such a result was seen with all of the ASR™ 
femoral heads associated with 'effusion' failures . 
For the acetabular cups associated with pain and effusion, out 
of roundness traces for patients 3 and 4 are shown in Figs. 5 and 6, 
respectively. All of these signify that the greatest wear or 
deformation took place towards the edge of the cup, as this is 
indicated by the third measurement, that on a plane 3 mm below 
the rim. Fig. 5 shows that out of roundness values of 38.5, 48.1, 
and 64.0 ~m were measured on the three planes, and therefore 
that wear or deformation took place deep inside the acetabular 
cup. With out of roundness values on the three planes of 15.1, 
20.8 and 28.8 ~m Fig. 6 similarly shows that with this component 
wear or deformation again occurred over a substantial area of the 
articulating surface of the cup. 
The clinical data in Table 1 shows that patients who suffered 
from groin pain and an effusion also had high ion levels. In turn 
they had high angles of acetabular cup anteversion and/or 
inclination. It has been shown in the larger ASR™ cohort that 
high anteversion and inclination are directly related to high ion 
levels [26J . 
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, I;. 4. Roundness traces taken of an ASR™ femoral head associated with an 
e uSlon' and groin pain failure (patient 5). 
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'errus: ~oundness traces taken of an ASR™ acetabu lar cup associated with an 
IOn and groin pain failure (patient 3). 
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Fig. 6. Roundness traces taken of an ASR™ acetabular cup associated with an 
'effusion' and groi n pai n failure (patient 4). 
components can be judged. Additionally, the out of roundness 
values of the 'fracture' components help to verify the accuracy of 
the measuring technique and match such measurements to 
independent data [33J . From a clinical failure analysis point of 
view, it could be concluded from the out of roundness results 
related to the early 'fracture' failures that these are not correlated 
to the wear of material from the articulating surfaces of the 
femoral components. However, the contrast with the 'effusion' 
failure components and their high out of roundness values is 
stark. 
Could the 'effusion' components have shown deformation 
rather than wear? There are two key reasons why deformation is 
unlikely to have caused the high out of roundness values seen 
with the effusion failures. Firstly, all retrieved components were 
likely to have been subject to a similar range of loading within the 
various patients. Why then should only the components asso-
ciated with effusion failures have deformed when all those 
associated with fracture of the femur have shown minimal 
deformation? Secondly, and perhaps most importantly, deforma-
tion cannot explain the high ion levels seen in the blood of 
patients with effusion failures but wear from the articulating 
surfaces of the metal-on-metal resurfacing hip prostheses can 
explain these high ion levels. Therefore the out of roundness 
measurements provided valuable information about the wear of 
the metal-on-metal resurfacing prostheses. 
From the out of roundness measurements, the maximum out 
of roundness (defined as the deviation from a perfect circle) was 
taken as indicative of the maximum linear wear depth. On the 
'effusion' failures these linear wear depths were significant and 
contrasted with the early fracture failures where it was not 
possible to separate out any wear from the manufacturer's 
tolerances for out of roundness. 'lVoF~r a new ASR™ component, a typical out of roundness value To the authors' best knowledge, the dichotomy between low 
be U d be of the order of 4 )lm [33 J. Therefore, from Table 1, it can wea r components associated with early femoral fracture and high 
re~een that all the five components taken from patients whose wear explants associated with groi n pain and effusion has not 
sho Urs had fractured (maximum out of roundness 3.1 ~lm ) previously been reported. Moreover we are not aware of other 
the;ed minimal deformation or wear after removal. As such researchers having offered out of roundness measurements from 
serve as controls against which the effusion failure failed resurfacing hip prostheses. A roundness measuring machine 
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has recently been used to measure the wear of explanted metal-
on-metal total hip prostheses [34J. The authors described these 
explanted prostheses as 'bearing couples that had been in 
successful use for more than seven years (range, seven to thirty-
four years)' [34J. Therefore they differ from the cohort described 
in this paper, which concerns itself with resurfacing devices 
which are considered failures. 
However, other researchers have offered wear assessments of 
retrieved metal-on-metal resurfacing hip prostheses, but using co-
ordinate measuring machines ((MM). While (MM do have certain 
advantages, they lack the sensitivity found with a dedicated 
roundness measuring machine. For example in an early study it 
Was noted that when a (MM with a claimed accuracy of ± 2 ~m 
was used, only a limited number of the explanted resurfacing hip 
components could be measured, which were outside of manufac-
turing tolerance [35J. Where wear could be measured, for paired 
head and cup components, wear depths per year of 4.4, 16 and 
58 ~m were offered. If the roundness values reported in the current 
paper are taken as the maximum wear depth then the values of 
Beaule et al. would compare with values of 21.7, 233.7, 29.7 and 
39.5 ~m wear depth per year for patients 2, 3, 4 and 5, respectively. 
Using another (MM to examine various designs of explanted 
resurfacing hip prostheses, values of maximum wear deptn in the 
range of < 2-164 ~m have been reported [16J. Two microns was 
therefore offered as the resolution of the (MM. As with other 
studies, there is a considerable range of wear values, but the data 
of (ampbell et al. offers agreement with the values of up to 
98.1 ~m found in this study. 
Another recent study used a (MM to look at a large number of 
eXplanted resurfacing components of various designs [36J. An 
accuracy of 3 ~m was claimed for the (MM. Wear was given in 
the form of mm3 per day. Again, a wide variation in wear rates 
was reported, between 22 and 27 times higher wear being 
measured in 'edge-loaded' implants rather than non edge-loaded. 
The authors also noted that two-thirds of their components were 
revised due to fracture of the femur. 
Most recently, the wear of eight femoral and two acetabular 
eXplanted BHR components was reported [19J. Time in vivo of the 
components was between 7 and 24 months, similar to the 1-28 
mOnths reported in this paper. A (MM was used and a spatial 
resolution of 1 ~m was claimed. Linear wear of the eight BHR heads 
w~s measured to be between 1.7 and 44.7 ~m, which compares 
~Ith a range of 1.7-98.1 ~m reported in this paper for ten ASR ™ 
emoral heads. For the two BHR acetabular components Witzleb 
et al. reported linear wear of 9.2 and 31.5 ~m, which compares with 
~4.8-64.0 ~m for the four ASR™ acetabular components measured 
10 this paper. These results, based on a limited sample size of 
~Planted components, suggest that the wear of ASR™ prostheses 
IS greater than that of the BHR. 
A conventional method of offering wear is to give the weight 
Change. Unfortunately, however, for explanted components this is 
generally not possible, as the precise weight prior to implantation is 
nOt recorded by manufacturers. Therefore, given that gravimetric 
methods of wear measurement are inappropriate, wear measure-
ll1ents based on dimensional changes are employed, such as out of 
~~undness and those obtained from a (MM. It should also be noted 
~t the exact engineering specification relating to the prostheses 
Pnor to implantation cannot be known precisely. Manufacturers tend 
nOt to release figures related to their products such as out of 
~oundness. Moreover, as would be expected from modem engineer-
~ng components like hip prostheses, such values fall within a range of 
~I~rances and again manufacturers do not disclose such figures 
hlch could be valuable to competitors. However some independent ~om~arative measurements have been done. For example, and most 
hPPhcable to this study, out of roundness values of the order of 4 ~m 
aYe been offered for ASR™ components [33J. 
(an the high angles of acetabular cup inclination and 
anteversion have been a contributing factor to the failure of these 
ASR™ resurfacing hip prostheses? This is certainly possible as at 
high angles of inclination, not only higher metal ion levels have 
been reported in patients [37J, but also edge loading [16J. Such 
edge loading was also seen in the form of rim damage on the 
explanted cups studied. In addition to noting the correlation 
between acetabular cup inclination and ion levels in patients 
fitted with resurfacing hip prostheses, the importance of edge 
loading has also been reported recently [38J. These authors 
postulated that at such high angles the 'arc of cover' between 
femoral head and acetabular cup was reduced and they found that 
smaller arcs of cover were associated with higher wear [38J. Such 
an explanation could also apply to the ASR™ prostheses 
discussed in the current paper. One study has reported a 
twenty-one to twenty-seven fold greater wear rate in rim loaded 
hip resurfacing explants compared with non-rim loaded samples 
[17J. It should also be recognised that in 'conventional' metal-on-
polymer total hip prostheses failure rates have increased with 
inclination of the acetabular cup [39J while the importance of 
acetabular position to low wear has also been identified in 
ceramic-on-ceramic total hip prostheses [40J. 
In a recent paper a number of explanted ASR™ components, 
all associated with pain and effusion in patients, were measured 
to determine their surface roughness and thus the lubrication 
regime during gait [18J. It was found that all surfaces had 
roughened compared with an unused pair of head and cup ASR™ 
components, so much so that instead of operating under fluid film 
lubrication during gait, they would instead operate in the 
boundary lubrication regime [18J. In the boundary lubrication 
regime, with its preponderance of surface-to-surface interaction, 
increased wear would be expected. In turn this would result in 
higher volumes of metallic wear debris. In addition the relatively 
large size of the resurfacing hip prostheses means that, under 
boundary lubrication conditions, wear is taking place over a large 
sliding distance so that volumes of wear debris are maximised. 
Recently, large amounts of particulate wear debris have been 
linked with a toxic reaction in localised cells and the attendant 
failure of resurfacing hip prostheses [27J. Clearly the high wear 
could also be directly linked with the higher ion levels, which 
were measured in the patients from whom these explanted 
resurfacing hip prostheses were obtained [26J. 
S. Conclusion 
From a series of explanted metal-on-metal resurfacing hip 
prostheses with a known clinical history it was found that failures 
associated with effusion and pain in patients were associated with 
values of out of roundness far higher than at manufacture. These 
changes were associated with wear of the devices and this 
assertion was supported by the high ion levels seen in the blood of 
patients. In addition, all of these failures were associated with 
cups which had been positioned at high angles of inclination and 
anteversion. The effusion failures contrasted markedly with those 
associated with early fracture of the femur. Here, all components 
had an out of roundness no greater than 3 ~m, which strongly 
implied that little or no wear of these components had taken 
place prior to retrieval. 
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Recent advancements in hip arthroplasty have allowed the operation to boast excellent results and high 
survivorship. However, failures do still occur and a major cause is complications arising from wear debris. 
It is essential therefore that debris is minimized by reducing wear at the bearing surface. One proposed 
method of achieving this wear reduction is through the use of metal-on-metal articulations. One of the 
latest manifestations of this biomaterial combination is in designs of hip resurfacing which are aimed 
at younger, more active patients who might wear out a conventional metal-on-polymer hip prosthesis. 
However, do these metal-on-metal hip resurfacings show less wear when implanted into patients? 
Hip resurfacing prosthes is 
Meta l-on-meta l 
Wear determination 
Surface ana lYSis 
Using a co-ordinate measuring machine and a bespoke computer program, volumetric wear mea-
surements fo r retrieved Articular Surface Replacements (ASRTM, DePuy) metal-on-metal hip resurfacings 
were undertaken. Thirty-two femora l heads and twenty-two acetabular cups were measured. Acetab-
ular cups exhibited mean volumetric wear of 29.00 mm3 (range 1.35-109.72 mm3 ) and a wear rate of 
11 .02 mm3/year (range 0.30-63.59 mm3/year). Femoral heads exhibited mean wear of22.41 mm3 (range 
0.72-134.22 mm3 ) and a wear rate of8.72 mm3/year(range 0.21 -31.91 mm3 /year). In the 22 cases where 
both head and cup from the same prosthesis were available. mean total wear rates of 21.66mm3/year 
(range 0.5 1- 95.50 mm3/year) were observed. Compared with in many vitro tests, these are significantly 




Hip prostheses are an important tool for reducing pain and 
restoring function to patients with musculoskeletal disorders such 
as arthritis. Recent advancements have made hip arthroplasty a 
~o~mon operation, with over 65,000 primary hip replacements 
etng performed in the UK in 2009 [1]. One such advancement 
;as the re- introduction of metal -on-metal (MoM) hip prostheses. 
hese so called 'second-generation' MoM prostheses are typi -
Cally made from cobalt-chromium- molybdenum alloy (CoCrMo) 
and have been shown to have improved wear properties over 
~.ore. traditional metal-on-po lyethylene (MoP) articulations [2] . 
o Ip Simulator stud ies have shown MoM wear rates in the region of 
.5-1 mm3 /million cycles [3.4]. a 10- to 40-fold decrease compared 
With 10- 20 mm3 /million cycles [5,6] for MoP. 
Another more recent advancement was the introduction of Mo M 
~es~rfacing hips. Compared with total hip replacement (THR), these 
e
l 
Vices are intended to conserve bone and offer a more physi-
00 . 
. glcal load transfer [7] . For these reasons, they are commonly 
Implanted in younger, more active patients [8] . Additionally, they 
-:--
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are designed to operate under more favourable fluid film lubri-
cation, for at least part of the ga it cycle, which should reduce 
wear, compared with the boundary or mixed lubrication of total 
hip replacement [9] . Simulator studies of MoM resurfacings have 
demonstrated wear rates in the region of 0.03-3.59 mm3/million 
cycles [10- 12], though it should be noted that the upper end of this 
region is during the 'running-in' process, whereby wear is higher 
in the first few months after implantation than in the remainder of 
the prosthesis life [10,11]. 
Although short-term survival studies of MoM hip resurfacing 
prostheses have been encouraging [8,13,14] , there are still many 
reported cases of early failure, with a 6.3% revi sion rate at 5 years 
reported in the UK in 2010 [1]. There are numerous modes offai lure 
[15], and an underlying cause in most cases is wear at the bear-
ing surface and consequent creation of metallic debris [16,17]. An 
accurate calculation of the amount of wear occurring from the pros-
thesis is therefore an important step in identifying the causes of 
wear to improve the longevity of hip prostheses. 
Several techniques have been described for wear estimation of 
both MoP and MoM hip prostheses. Attempts have been made to 
measure wea r in vivo using radiographic data [18] , and various 
formulae have been proposed [19] . Radiographic estimation has 
shown resolution in the region of 0.055- 0.3 mm [20]. This is partic-
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Tablet 
Summary of previous CMM based volumetric wear calculations for explanted MoM hip prostheses. 
~ad author [reference) Year Number of components measured 
Kothari et al. (26) 1996 22 pairs 
Bills et al. (31) 2007 2 pairs 
Morlock et al. (15) 2008 58 (including 26 pairs) 
Witzleb et al. [32) 2009 10 (including 2 pairs) 
Becker and Dirix (29) 2009 44 femoral heads 
~entstudy 54 (including 22 pairs) 
as low as 0.006 mm/year (6/-Lm/year) have been demonstrated 
/21 J. Maximum linear wear depth has been used as a quantifica-
tion of wear /21.22J. Although this gives an indication. it does not 
aCCOunt for variable wear across the component surface. A com-
Ponent with deep. isolated wear may have lost less material in 
Volumetric terms than another component with shallow wear over 
a large area. Calculation of volumetric wear would therefore be a 
~uch more useful tool than wear depth (23). In vitro. volumet-
fie Wear is commonly calculated gravimetrically [24.25 J. However. 
this is not practical with retrieved prostheses as original component 
masses are unknown. 
There are a handful of studies offering ex vivo volumetric 
Wear rates of MoM hip prostheses. In 1996. Kothari et aI. used a 
cO-ordinate measuring machine (CMM) to evaluate 22 retrieved 
MCKee-Farrar total hip replacements [26J. Three hundred and 
twenty five points were measured on each sample and the 'accu-
racy' of the CMM used was ±5 /-Lm. Although accuracy in this 
Context was not explicitly defined in this paper, it is reasonable 
CMM accuracy (jJ.m) Number of points taken Size of errors 
±5 325 Not given 
±1 Not given Not given 
±3 Not given Up to 8% 
±1 1297 Not given 
±2.9 and ±0.8 15,960 Max. 15% and 55% 
±0.9 Up to 7128 0.5 mm3 
Becker et aI. showed percentage error for the high precision CMM 
decreasing from approximately 15% to 2% when linear wear depths 
were increased from 3 /-Lm to 15 /-Lm. The standard precision CMM 
varied from 55% to 10% errors across the same range. However. nei-
ther Morlock et al. nor Becker et al. offered their actual volumetric 
wear and so it is not possible to quantify these percentage errors in 
terms of mm3 • 
The present paper offers a method for calculating volumetric 
wear of retrieved MoM resurfacing hip prostheses using a com-
bination of co-ordinate measuring machine data and Matlab (The 
Mathworks. Inc.). A validation study is included and the method is 
applied to 54 retrieved hip resurfacing components to assess in vivo 
wear. 
2. Materials and methods 
2.1. Materials 
( to accept the definition offered in ISO 10360 "Geometrical prod-Uct specifications (GPS) - Acceptance and reverification tests for coordinate measuring machines (CMM)". Here accuracy is defined 
~s the maximum permitted form error when a reference sphere 
Research Ethics Committee approval was obtained for all work 
carried out (REC/09/H0905/41). Thirty-two femoral and twenty-
two acetabular components were obtained from revision surgeries. 
All were MoM hip resurfacing prostheses of a single design. the 
Articular Surface Replacement (ASRTM. DePuy. Leeds. United King-
dom). All were implanted and removed by the same surgeon 
(AVFN). The ASRTM is a design cast from high carbon content 
CoCrMo alloy with heat treated acetabular components (7). The 
nominal articulating diameters for the components were between 
43 mm and 53 mm. Retrieval occurred after 2-58 months in vivo 
and was attributed to four main reasons: adverse reactions to metal 
debris (ARMD (33)) (19 heads. 18 cups); fracture of the femur (10 
heads. 2 cups); avascular necrosis (AVN) (2 heads. 1 cup); and infec-
tion (1 head. 1 cup). Fractures of the femur were further subdivided 
into early fracture (up to 7 months in vivo) and late ARMD fracture 
(22-53 months in vivo) (Table 2). 
IS measured with 25 evenly distributed points (27). With accuracy 
of :l:5 /-Lm and possible wear rates as low as 6/-Lm/year as noted 
abOVe. there is potential for large errors. Indeed. in 2006 Becker et al. 
evaluated the influence of measurement accuracy in CMM based ~proaches and recommended a minimum accuracy of ±2 /-Lm (28). 
o.wever a later study by the same authors comparing two CMMs (~ standard precision" 2.9 /-Lm and a "high precision" 0.8 /-Lm) con-~ uded that a high precision CMM is "essential for assessing wear ~~ ~Odern hard-on-hard bearings" (29). Becker et aI. examined 
tneved 28 mm MoM THRs and these were all femoral heads with 
no acetabular cups examined (29). Morlock et aI. reported in 2006 ~.a CMM based volumetric wear measurement methodology (30). 
r IS method was then used in 2008 to report on 267 retrieved hip 
nesurfacing components (although wear data on only 58 compo-
I c~nts [including 26 pairs] was tabulated in the paper) [15!. The 
ll'uM Used by Morlock et aI. was said to be accurate to ±3/-Lm. ~ S et at. published a CMM based volumetric wear measurement 
St ethod in 2007 [31). as did Witzleb et al. in 2009 (32). Bills et al. 
3 ated that most average CMMs have an accuracy of approximately 
ri /.lm and as such would not be accurate enough for useful volumet-B~lmeasurements of hard-on-hard orthopaedic bearings [31]. Both b~t S et al. and Witzleb et al. used CMMs with accuracy of ± 1 /-Lm. 
and the methods were applied to small numbers of retrievals (4 
art' 10 components respectively). Neither set of authors gave the retl~Ulating diameters of the hip components they measured. This 
III neval and measurement data is summarised in Table 1. Perhaps ! an~st importantly. of the above publications. only Morlock et al. [3~) 
i eale Bec~er and Dirix (29) provided any data on the accur~cy of their 
I tio Ulat~ons. Morlock et aI. claimed errors for volumetnc calcula-
I setns Within 8% when applying their method to a simulated data 
I, Set' though data was not offered to support this. Because the data 
I, andWas simulated. this error value is only for the calculation of wear Or f does not indicate errors ariSing from their CMM measurements foOl differentiating between manufacturing tolerance and wear. 
2.2. Data collection 
After retrieval. the explants were soaked in 10% formalin for 
one week before being rinsed thoroughly in water. The articulating 
surfaces were cleaned carefully using acetone and a lint-free cloth 
in order to remove loose material and minimise spurious measure-
ments. The samples were then scanned using a Mitutoyo LEGEX322 
co-ordinate measuring machine (CMM). The CMM was dedicated 
to measuring only the hip prostheses discussed in this study. Co-
ordinate measuring machines rely on a contact stylUS which is 
touched against the sample surface and measures a point in space. 
Table 2 
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~ig. 1. The co-ordinate system defined at the centre of the spherical component. In 
his case a femoral head. 
The LEGEX322 CMM was fitted with a SP-25 scanning head. Such 
a head allows measurements to be taken continuously, in contrast 
~~ mos~ ~MMs which t~ke a me.asurement by 'pecking', i.e. gen-
Y colliding With an object to tngger a measurement point, then 
retreating, repositioning and re-colliding to take the next measure-
;ent. The SP-25 scanning head allowed continuous contact and 
ata measurement; compared with a conventional head it reduced 
ty . Plcal measurement times from over 8 h down to 20 min. A sec-
~~d 150.10360 definition of accuracy exists for scanning heads: 
e maximum permissible error of measured radii when a refer-
~nce sphere is scanned along 4 defined lines [34J. With a scanning 
ead, accuracy decreases as scanning length increases. For the 
present set-up, the accuracy stated by Mitutoyo is (0.8 + 2L/1000) 
I-lm, where L is the measurement length in mm. For the largest com-
fs°~ent in this study (53 mm diameter head), the largest value of L 
F 1.6 mm, corresponding to measurement accuracy of 0.88 J..l.m. 
S e~oral head samples were held in place by their stem using a 
i e f-centring three-jawed chuck (Fig. 1) to prevent movement dur-
sng the scanning process. In order to prevent deformation from the 
,:me three-jawed chuck, acetabular samples were held in a clay 
'"ould. 
all Programs were written in the CMM software ('MCOSMOS') to 
th ow .h~ad and cup components to be scanned. Determination of 
vo~ ongln.al spher~cal surface is critical to the accurate calculation of 
of ~rnetnc ~atenalloss. The program aimed to identify the origin 
in t e sphencal components from as wide an area of the articulat-
ta~ SUrface as possible. For femoral components, four points were 
PI en at 900 intervals around the full 3600 of the equator in the X-Y 
Fr~ne. Three points ":,,,ere taken in the Z-X plane at 250 intervals. 
Oft~ t~~se seven POints a sphere was calculated. If the sphericity 
er IS initial sphere was found to be within the manufacturing tol-
coance of 4 J..l.m (data supplied by manufacturer) then a Cartesian 
th -ordinate system was defined with the origin set according to 
4 ~ centre of this sphere (Fig. 1). If the sphericity was outside of the 
tak: to~er~nce, for example due to one of the measurements being 
MOsn Within a worn area of the component, then, using the MCOS-
th Software, the coordinate system was rotated by 100 about 
e z . 
was I aXIS and the process repeated until a suitably unworn area 
fact OCated. In the rare event of the method failing to find a satis-
tak Ory form after 36 passes, the area over which the points were 
aime~ ,:,as restricted to a 3000 area around the equator with the 
Eve ~Ing to minimise the probability of contacting a worn area. 
thisn I~ highly worn components, wear is typically localised and 
cal o~~J~stment always proved to be successful in allowing a spheri-
to th gin to be found. For acetabular cups, the process was identical 
rim ~t of the femoral program except that areas within 300 of the 
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Fig.2. The areas within 30" of the rim of the cups (above white band ) were not used 
in the fitting process as the wear is primarily located here. In the above image. red is 
wear (up to 60 J.Lm Iineardepth )and deep blue is unworn surface. (For interpretation 
of the references to colour in this figure legend. the reader is referred to the w eb 
version of the article. ) 
decision was based on the principle that in most heavily worn cups, 
the wear is located primarily at the rim of the cup, a result which 
has also been reported elsewhere (Fig. 2) [15,35,36J. The procedure 
described above provided a rapid methodology to determine the 
approximate centre of the sphere. 
To determine the definitive centre of the sphere, 100 points 
were taken in the YZ plane moving from equator to equator for the 
femoral heads but limited to a 1200 scan about the pole in the case 
of the acetabular cups (for reasons described above). The coordi-
nate system was then rotated 22.50 about the z axis and the process 
repeated seven times, so that a total of 800 points were taken. Any 
points which were calculated to be greater than or less than 4 J..l.m 
deviation from the initial spherical form, as determined from the 
initial seven points, were discarded as they were unlikely to repre-
sent the original surface and so could not be used. All other points 
were retained and used in the calculation of the second sphere. The 
centre of the second sphere was then taken as the definitive origin. 
This method was developed on the principle that even heavily worn 
samples typically show a sharply demarcated transition between 
worn and unworn areas. Points taken over worn areas are highly 
likely to be much greater than 4 J..l.m in deviation from the original 
calculated form and are not used to determine the definitive origin. 
Finally, scans were taken every 5° around the circumference, 
starting 5 mm below the equator and converging on the pole. This 
was done for femoral heads and acetabular cups and allowed for 
between 6048 and 7128 data points to be collected for each head 
and 3024-4104 for each cup (depending on the articulating diam-
eter of the component). At each point the 3-dimensional position 
was recorded in Cartesian co-ordinates, relative to the centre of the 
sample. 
2.3. Volumetric wear calculation 
Co-ordinate data collected from the CMM was read in to a Matlab 
program written by the first author of this paper. The data was split 
into three matrices representing the Cartesian co-ordinates at each 
measured point. Using these points, the surface of the component 
was reconstructed. Each point was connected to its adjacent points 
to form gridsquares (Fig. 3 ). The exact radius of the component 
at each measured point was calculated using J X2 + y2 + Z2 = r 
where X, Y, and Z represent the Cartesian co-ordinates of the point 
and r is the radius of the sphere. These radii were presented in a 
histogram similar to that shown in Fig. 4. ln the most worn samples 
wear occurred unevenly across the surface resulting in a wide range 
of measured radii values, with any given value occurring relatively 
infrequently. In contrast, the unworn areas exhibited high unifor-
mity of radii across a large portion of the surface. The 'worn' radii 
are demonstrated in Fig. 4 by the long 'tail' towards the left showing 
82 j.K. Lord et af. / Wear 272 (2011 ) 79-87 





gj3. CO-ordinate data was used to reconstruct the component's surface in Matlab 
a es In mm. Connections are made between adjacent points to fo rm gridsquares. 
~;'ide range of infrequent values corresponding to the wear area, 
r d~~e the narrow range, towards the right, of frequently occurring 
t~ 11 v.al.ues correspond to the unworn area. Thus, identification of 
the Ongmal 'unworn' radius was made by calculating the mode of 
39\measured radii. Note that, despite the high calculated wear of 
in ' 8 mm3 , 59% of points (3936 of 6696) are within manufactur-
IN g tolerance of ±4 fLm. With the unworn radius known, the linear 













from the unworn radius. Any measured radii greater than the origi-
nal radius were regarded as being unworn material and simply part 
of the manufacturing form within the manufacture's tolerance of 
sphericity or roundness. As these radii represented unworn areas, 
they were disregarded in further calculations of wear. 
A mean wear depth for each gridsquare on the reconstructed 
surface was calculated by taking a mean of the depths at the four 
corners. The area of each gridsquare was then calculated and multi-
plied by the corresponding mean wear depth to give a wear volume. 
These individual volumes were then summed for the entire com-
ponent to give an overall volumetric wear. A diagram showing 
the reconstructed surface and coloured according to linear wear 
depth was produced. Such wear diagrams were used to charac-
terise the wear pattern and severity for all analysed components 
(Figs. 5 and 6). Again, there is a clear demarcated transition between 
the worn and unworn areas in the highly worn sample (Fig. 5). 
2.4. Validation 
2.4.1. Cera m ic masterball 
Validation occurred in two stages. First, a 20 mm nominal 
diameter (19.9881 mm actual diameter) ceramic masterball was 
scanned and processed using the method described above. Due 
to the ceramic material and the tight manufacturing tolerances 
used for creating a masterball (within 0.5 fLm sphericity), this 
component was expected to show very little deviation in radii. It 
was unworn and therefore any volumetric "wear" measured was 
25.26 
Fig, ,, radiu~ ~xamp l e histogram showing the measured radii for a retrieved femora l component (Head 9). The taller columns with significantly more points represent the 'unworn' 
legend ;.253 1 mm}. Vertical red lines show the manufacturing tolerances for sphericity (set here to ± 4 fLm). (For interpretation of the references to colour in this figure 









~e S. An ex 
\>; I'tlcal Col ample of the wear ma ps generated by the bespoke Matlab program. Dark blue represents the unworn surface. Dark red represents the deepest w~ar areas. The 
ear. (FOr OUr scales show wear depth in mm. Figure shows an ASR™ head (Head 9) after 27 months In VIVO With 39.78 mm] of wear and paired cup (Cup 9) With 9.46 mm] 
Interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article. } 






Fig. 6. Wear maps for the AVN retrieval exhibiting 1.30 mm3 of wear after 38 months in vivo (Head 56). Left hand figure uses the same colour scale as Fig. 5 for comparison. 
Right hand figure uses a colour sca le 10 times smalier in order to highlight wear areas. (For interpretation of the references to colour in thi s figure legend, the reader is 
referred to the web version of the article.) 
eXpected to be due to form error from manufacture rather than 
material removal. 
2,4.2. Gravimetric comparison 
Secondly, the method described in Sections 2.2 and 2.3 was vali-
~ated against established gravimetric methodology using a'sample 
emoral head component. The component was an un-implanted 
36mm nominal diameter total hip replacement head of CoCrMo. 
The sample was cleaned thoroughly in an acetone bath for 5 min. It 
was left to dry for 1 h on a lint-free cloth and then weighed on a high 
precision scale (Denver Instrument, sensitivity 0.1 mg). The sample 
was weighed six times, and an average taken. Using a density for 
COCrMo of8.3 gcm- 3 [16,371 an initial volume of the femoral head 
was calculated to be used as a datum. The sample was also scanned 
u' Sing the CM M, so that the effect of form error on apparent "wear" 
could be evaluated. 
. The CoCrMo femoral head sample then had a quantity of mate-
~Ial removed to simulate wear. As the intention here was simply 
b~ remove material, sandpaper was used. In this way it was possi-
F e to produce a wear pattern of variable depth across the surface. 
OlloWing material removal, the sample was cleaned to remove 
~ny debris, weighed, measured and analysed again using the CMM. 
s hree scans were taken as per the methodology in Section 2.2. The 
t ample was removed and replaced between scans; this was done 
~ assess repeatability of measurements for a given sample. More 
orateri~1 was then removed from the femoral head and the process 
I gravimetric and dimensional (CMM) measurements repeated. 
sn tOtal there were three stages of material removal, with three 
scans taken at each stage. The volumetric wear calculated from each 
t~an wa~ compared to the volume of material lost determined by 
ra e gravimetric method. This comparison was done to test accu-
in cy of the CMM measurement methodology as volumetric wear 
re creased. It was assumed that volumes obtained gravimetrically 
h presented the 'gold standard' (for the 36 mm CoCrMo femoral 
c~ad a change in weight of 0.1 mg was equivalent to a volumetric 
as ange of 0.012 mm3 ) and the accuracy of the CMM method was 
01 sessed against the gravimetric method. Since the CMM measure-
is ent method is identical for femoral heads and acetabular cups, it 
eqreaSOnable to assume that all validation carried out on a head is 
Ually applicable to a cup. 
3, R.esUlts 
3.) \, /. 
• VQ Idation 
3.) ) 
'(' Masterbal/ 
9.99 he (MM method calculated a radius for the masterball of 
45 mm. This is 0.4 f.Lm larger than the actual radius. This error is 
within the scanning limits of the (MM (accurate to within 0.9 f.Lm). 
The calculated "wear" volume was 0.04 mm3 . This is not actual wear 
but form error inherent in manufacture. Moreover it is a trivial vol-
ume compared to those being measured on retrieved prostheses, 
presented in Section 3.2. The results from the masterball measure-
ments are summarised in Table 3. The measured radial deviations 
are presented as a histogram in Fig. 7. The measurements were eval-
uated and provide a Gaussian distribution around the zero point, 
indicative of variations arising from a manufacturing process rather 
than from wear. 
Each time the CMM was used, linear wear depths calculated 
by the method described in this paper were compared with those 
produced by the CMM software. In every case, both methods were 
in exact agreement. 
3.1.2. Gravimetric 
The initial scan of the as manufactured CoCrMo femoral compo-
nent revealed form error leading to a 'wear' calculation of 0.4 mm3 . 
As will be seen this value is small compared to the volumes 
Table 3 
Measurement of the ceramic masterbali indicating the size of the errors in the 












Note: Actual size supplied with masterbali ; difference in radius ofO.4lJ.m is within 
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. 10" 
Fig. 7. Histogram of masterbali scan. Distribution was evaluated and is Gaus-
sian. Minimum point - - 1.2ILm. Maximum point - +1.3ILm. Positive ' linear wear 
depth' indicates manufacturing form and the ability of the CMM wear measurement 
methodology to identify this. Calculated wear volume - 0.04 mm3. 
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Table 4 
COmparison of Matlab method to gravimetric method. Mean volume is the mean of the 3 measurements at each stage. Mean absolute error is the mean of the error of the 3 
measurements. St. Dev. - Standard deviation. 
--~~---------------------------------------------------------------------------Method Material removal (mm3 ) 
1st 2nd 3rd ---~~------------------------------------------------------------------------------------------------Gravimetric - weight (mg) 42.0 84.1 128.6 
Gravimetric converted to volume (mm3 ) 5.1 10.1 15.5 
Mean Matlab volume (mm3 ) (±St. Dev.) 5.17 (±0.72) 9.82 (±0.51) 15.74 (±0.25) 
~n absolute Matlab error (mm3 ) 0.53 0.50 0.24 
presented in Section 3.2. Results of the gravimetric validation pro-
cedure are shown in Table 4. The mean Matlab calculation of wear 
VolUme is presented from the three CMM scans at each level of 
material removal, along with the standard deviation of these val-
Ues. The difference between the Matlab and gravimetric method is 
presented as a percentage. As can be seen, at the three stages the 
lllean absolute error was 0.53, 0.50 and 0.24 mm3 respectively. 
3.2. Retrieval analysis 
i Retrieval analysis and wear data for all components is shown 
a~ Table 5. Acetabular cups exhibited mean volumetric wear 
W reVision of 29.00 mm3 (range 1.35-109.72 mm3 ). The mean 
~ ear rate was 11.02 mm3/year (range 0.30-63.59 mm3/year). The 
oe~oral heads had mean volumetric wear of 22.41 mm3 (range 
0'2 -134.22 mm3 ). The mean wear rate was 8.72 mm3/year(range f~·11-31.91 mm3/year). Table 6 shows this data summarised by 
(Olsure mode. As can be seen, combined wear rates for the AVN 
fr' 1 ~m3/year) failures appear to be within the region expected 
foomhslmulator testing (0.03-3.59 mm3/million cycles). Wear rates 
r t e ARMD components however are high (17.68 mm3/year). 
4. Discussion 
ass The method presented in this paper provides a validated 
co~ssment of volumetric wear of retrieved metal-on-metal hip 
(Tabionents. The absolute error was within 0.53 mm3 for all scans 
ies e 4. row 4). As noted in Section 1. only two previous stud-
We were found that offered the error range for their CMM based 
arm be W' ~asurement method. In one study. the error was quoted to 
l'he Ithln 8% (30) although data was not offered to validate this. 
lllet~eCond study offered errors from 2% to 10% [29]. The present 
ran Od has been shown to be accurate to within 0.5 mm3 for a 
the;e of Wear volumes. Clearly, as the volume of wear increases. 
leVel ercentage errors decrease. It is not possible to discuss how this 
latio of accuracy compares to other CMM based volumetric calcu-
inclu~S as ~he other studies mentioned earlier (26.31.32/ did not 
tillle t~ Vahdation. To the authors' best knowledge. this is the first 
Illetal_ at a validation of a CMM based wear volume calculation for 
Pape on-metal hip prostheses has been offered in a peer-reviewed 
r. 
It sh 
eVery ~Uld be noted that in the current study. scans were taken 
On la 5 arOUnd the circumference regardless of component size. 
betw rger components there are therefore slightly larger gaps 
Pie. t~en d~ta points. particularly towards the equator. For exam-
Were te Widest gap on a 43 mm component (where 6048 points 
POint ake?) would be 1.88 mm. For a 53 mm component (7128 
sqUarS) •. thiS increased to 2.31 mm. However. the size of each grid 
differ e IS taken into account during volume calculation and so this 
cases ~~c~ in gap size will not significantly affect results. even in 
lar corn high edge wear which was commonly seen on the ace tabu-
Of POi Ponents. Moreover. as can be seen from Table 1. the number 
StUdy nts taken in the present study is greater than all but one other 
. Where such information has been offered. 
The method of wear measurement described in this paper allows 
for clear characterisation of the wear area, including coverage and 
depth (although, as this paper is primarily concerned with volu-
metric wear, these results are not included here). It is likely that the 
region where wear occurs on mated components is linked to their 
position in vivo. Acetabular cup position in vivo has been used to 
explain high concentrations of metal ions in the blood of patients 
who are fitted with cups at high inclination angles [38]. These high 
ion concentrations are likely to occur with edge-loaded cups; here 
the major contact forces (and thus the main region of wear) are con-
centrated towards the rim of the cup [39]. Knowing wear volumes 
of explanted components and ion concentrations in the patients 
they were removed from allows these two key issues to be linked. 
Table 6 shows wear volumes matched against the five failure 
modes of ARMD, ARMD fracture, early fracture, AVN and infection. 
Although the wear rate appears high for early fracture components, 
this may be due to the 'running-in' process [10.11). Early fracture 
of the femoral neck is a recognised complication. which is claimed 
to have been minimised by careful implantation and patient selec-
tion [15,40). The three AVN failures are worthy of note. One AVN 
head was retrieved after 38 months in vivo and its wear rate of 
0.41 mm3/year is comparable to those found in simulator studies of 
MoM hip resurfacings, which have been demonstrated in the range 
of 0.03-3.59 mm3/million cycles [10-12]. One million cycles is gen-
erally agreed to be equivalent to 1 year in vivo (41]. The paired head 
and cup AVN failure components were retrieved after 54 months 
and showed a combined wear rate of just 0.51 mm3/year. The infec-
tion retrieval was slightly above the values predicted by simulator 
results, with a combined wear rate of 3.98 mm3/year. However, 
combined wear rates of 17.64 and 68.50 mm3/year in the ARMD and 
ARMD fracture groups respectively are significantly higher than 
those expected in well functioning MoM hip resurfacings. From an 
examination of these combined wear rates it can be speculated that 
the clinical implication of the greatest wear rates is bone fracture. 
In patients the other effects of high wear manifested themselves as 
pain. effusions. tissue necrosis. difficulty in moving and early failure 
necessitating another major operation [33/. 
Typical in vivo wear rates for MoP hip prostheses are of the 
order of 35-62 mm3/year [42/. While the wear rates reported in 
this paper for the majority of MoM hip resurfacings are less than 
for MoP hip prostheses it should be recognised that another vital 
factor is size of the wear debris and the number of particles. Mode 
polyethylene wear particles have been offered in the size range 
0.5-1 /-Lm [43-45/, though particles up to 10 /-Lm in size are com-
mon [17,44). Typical metal wear particles have been found to be of 
the order of 40 nm in size [46,47/. Taking these sizes and values of 
62 mm3/year for MoP and 18 mm3/year for MoM hip resurfacings 
means that a failed hip resurfacing joint will subject the patient to 
a number of particles 4-70 times greater than seen in an equivalent 
MoP hip. This is in the range offered by a 1998 study which sug-
gested that 13-500 times more metal particles were produced in a 
MoM THR than PE particles in an equivalent MoP prosthesis [48/. 
Turning to the few other ex vivo studies of Mo M hip resurfacings. 
Morlock et al. also found high wear rates for certain sub-groups of 
components. with mean wear rates for 14 rim-loaded heads and 
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TableS 
Retrieval and wear data for all 54 components. Combined wear data is provided where both head and cup components were retrieved. Paired components are numbered 
consecutively. The ten singe heads are numbered Head 51-Head 510. 
Device Nominal diameter Time to retrieval Reason for failure Wear volume Wear rate Combined volume Combined wear 
(mm) (months) (mm3 ) (mm3 /year) (mm3 ) rate (mm3 /year) 
Head 1 43 8 ARMD 19.65 29.48 25.01 37.52 
Cup 1 43 8 ARMD 5.36 8.04 25.01 37.52 
Head 2 47 14 ARMD 6.08 5.21 10.17 8.72 
Cup 2 47 14 ARMD 4.09 3.51 10.17 8.72 
Head 3 47 17 ARMD 2.96 2.09 5.35 3.78 
Cup3 47 17 ARMD 2.39 1.69 5.35 3.78 
Head 4 43 18 ARMD 7.93 5.29 10.38 6.92 
Cup4 43 18 ARMD 2.45 1.63 10.38 6.92 
HeadS 49 19 ARMD 29.19 18.44 138.91 87.73 
Cups 49 19 ARMD 109.72 69.30 138.91 87.73 
Head 6 49 21 ARMD 11.17 6.38 49.68 28.39 
CUp6 49 21 ARMD 38.51 22.01 49.68 28.39 
Head 7 51 22 ARMD 3.68 2.01 7.30 3.98 
Cup 7 51 22 ARMD 3.62 1.97 7.30 3.98 
Head 8 45 22 ARMD 3.78 2.06 5.71 3.11 
CUP8 45 22 ARMD 1.93 1.05 5.71 3.11 
Head 9 51 27 ARMD 39.78 17.68 49.24 21.88 
Cup 9 51 27 ARMD 9.46 4.20 49.24 21.88 
Head 10 41 27 ARMD 13.31 5.92 46.26 20.56 
Cup 10 41 27 ARMD 32.95 14.64 46.26 20.56 
Head 51 43 28 ARMD 16.14 6.92 
Head 11 51 30 ARMD 7.32 2.93 21.80 8.72 
Cup 11 51 30 ARMD 14.48 5.79 21.80 8.72 
Head 12 46 36 ARMD 10.45 3.48 15.81 5.27 
Cup 12 46 36 ARMD 5.36 1.79 15.81 5.27 
Head 13 49 39 ARMD 75.09 23.10 131.16 40.36 
Cup 13 49 39 ARMD 56.07 17.25 131.16 40.36 
Head 14 41 45 ARMD 4.38 1.17 13.30 3.55 
Cup 14 41 45 ARMD 8.92 2.38 13.30 3.55 
Head 15 49 51 ARMD 13.77 3.24 20.19 4.75 
Cup 15 49 51 ARMD 6.42 1.51 20.19 4.75 
Head 16 45 52 ARMD 28.19 6.51 44.02 10.16 
Cup 16 45 52 ARMD 15.83 3.65 44.02 10.16 
Head 17 46 53 ARMD 38.69 8.76 47.82 10.83 
Cup 17 46 53 ARMD 9.13 2.07 47.82 10.83 
Head 18 19 58 ARMD 33.57 6.95 54.28 11.23 
Cup 18 49 58 ARMD 20.71 4.28 54.28 11.23 
Head 52 47 35 ARMD fracture 7.24 2.48 
Head 53 47 46 ARMD fracture 51.29 13.38 
Head 54 47 22 ARMD fracture 7.53 4.11 
Head 19 51 46 ARMD fracture 122.33 31.91 366.10 95.50 
Cup 19 51 46 ARMD fracture 243.77 63.59 366.10 95.50 
Head 20 51 51 ARMD fracture 134.22 31.58 176.32 41.49 
Cup 20 51 51 ARMD fracture 42.1 9.91 176.32 41.49 
Head 55 53 53 ARMD fracture 16.35 3.70 
Head 56 47 38 AVN 1.3 0.41 
Head 21 47 54 AVN 0.93 0.21 2.28 0.51 
Cup 21 47 54 AVN 1.35 0.30 2.28 0.51 
Head 57 45 2 Fracture 0.72 4.32 
Head 58 49 2 Fracture 2.85 17.10 
Head 59 51 6 Fracture 4.06 8.12 
Head 510 47 7 Fracture 2.05 3.51 
Head 22 45 21 Infection 1.2 0.69 4.50 2.58 
Cup 22 45 21 Infection 3.3 1.89 4.50 2.58 
-......:...:::. 
l~ble6 
~s and volumes at retrieval for all components. Data is grouped by failure mode. 
Failure mode Mean wear rate (mm3 /year) (range) Mean wear volume (mm3 ) (range) (numb h erofcups 
eads) • 
---
Cups Heads Combined Cups Heads Combined 
ARMO 9.26 (1.05-69.30) 8.30 (1.17-29.48) 17.64 (3.11-87.73) 19.30 (1.93-109.72) 19.22 (2.96-75.09) 38.69 (5.35-138.91) (18.19) 
ARM o fracture 36.75 (9.91-63.59) 14.53 (2.48-31.91) 68.50 (41.49-95.50) 142.94 (42.10-243.77) 56.49 271.21 (176.32-366.10) (2.6) (7.24-134.22 ) 
Early fracture 8.26 (3.51-17.10) 2.42 (0.72-4.06) (0.4) 
AVN 
0.30 0.21.0.41 0.51 1.35 0.93.1.30 2.28 (1.2) 
Infection 
1.89 0.69 3.98 3.30 1.20 4.50 ~ 
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Table 7 
Wear rates from two previous CMM based studies and the present study. Bracketed data shows the range. 
---~~---------------------------------------------------------------------------------------------------~hor [referenceJ Device Head wear rate (mm3 /year) Cup wear rate (mm3 /year) Paired wear rate (mm3/year) 
Morlock et al. [15[ 
MOrlock et al. [ 15[ 
Wltzleb et al. [32J 
~entStudy 
Mixed resurfacings 















15 . F nm-loaded cups of 8.69 and 15.88 mm3/year respectively [15]. 
o or non-rim loaded components the mean wear rate dropped to 
j40. mm3/year (12 heads) and 0.58 mm3/year (17 cups). Morlock et 
~ . dId not differentiate between implants from different manufac-
Urers. However, hip resurfacing design does have an impact: recent 
S~rvival data has shown higher 5-year failure rates for ASRs™ ~ 2.0%) than other resurfacing designs such as the Birmingham Hip 
d esurfacing (BHRTM, Smith and Nephew, Warwick, United King-
U~m) (4.3%) or the Adept (Fins bury Orthopaedics Ltd., Leatherhead, 
) (5.0%) [1]. Witzleb et al. have reported on ten BHRTM explanted 
~omponents (8 heads, 2 cups) which exhibited wear rates as high 
T~.22.08mm3/year, though with a mean of 3.36mm3/year [32]. 
r IS mean wear rate is significantly lower than the rate for ASRsTM 
d~~o~ed in this paper and this goes some way to explaining the 
pI enng survival rates offered by the National Joint Registry. Com-
(~~ents in Witzleb's study were retrieved for femoral neck fracture 
heads), femoral subsidence (2 heads), aseptic cup loosening (1 
wead, 1 cup) and infection (1 head, 1 cup). The heaviest cup wear 
w~~ seen in the case of infection (31.5 mm3 after 15 months in vivo) 
itn I\e the heaviest head wear occurred on a femoral neck fracture 
In Panted at 70° abduction (17.8 mm3 after 24 months in vivo). 
w comparison, ASRTM cups in the present study exhibited a mean 
anefr ~o~ume at retrieval of 24.97 mm3 with maximum wear on 
(ret ~dlvldual component of 229.00 mm3 after 46 months in vivo 
eXh:~t;ved after ARMD fracture). ASRTM heads in the present study 
imul Ited a mean wear volume at retrieval of25.44 mm3 with max-
mo m w.ear on an individual component of 134.22 mm3 after 51 
ma ~ths In Vivo (retrieved after ARMD fracture). This data is sum-
is sfISed in Table 7. The present study shows that the heaviest wear 
et a~.en on late fracture components, in agreement with Witzleb 
ex ~hat might explain the difference in wear rates between many 
that IV? rt;sults and in vitro hip simulator studies? It is possible 
iStic hIp SImulators do not currently apply a physiologically real-
that test to MoM resurfacing joints. Kamali et al. have suggested 
and a stop/start motion, a change in frequency from 1 Hz to 0.5 Hz, 
mOr alternating kinetic and kinematic profiles would provide a 
the ~ Ph~siologically relevant test protocol [49]. Additionally, in 
'e)(tr ast ,It has been rare for components to be tested in vitro at 
Six 4~me angles which are seen in vivo. One simulator study of 
a ']_~ lm~ articulating diameter MoM devices [25] demonstrated 
1.,] ~ d3tnc:ease in steady-state volumetric wear rate from 0.24 to 
from ~ {mIllion cycles when cup inclination angle was increased . 
ter hi 5 to 60°. In another simulator study on 39 mm diame-
~nclin~ :esurfacings, components were tested with the cup at 45° 
~nclin t~on, and then a second test was done with the cup at 55° 
Inclin at~on With the addition of microlateralization [35]. At 45° 
tepo;tton an overall wear rate of 1.61 mm3/million cycles was 
Plus m ~d, compared with 8.99 mm3/million cycles at 55° inclination 
undertlcrolateralization. If a hip resurfacing patient is expected to 
POSiti ake 1.9 million steps per year [49] then a patient with a mal-
uncanO~ed cup could expect a wear rate of 17.1 mm3/year. This is 
fOr th nlly close to the mean wear rate of 17.64 mm3/year reported 
giVe re ARMD failures in this paper. Thus, while hip simulators can 
be th::Ults ":'hich match ex vivo hip resurfacing wear rates, it may 
'I,Iear r studIes under ideal conditions will fail to reproduce the 
ates Which have been reported in this paper. 
It has been recognised that accurate component positioning, 
particularly of the acetabular cup, is key in minimising failure of 
MoM hip resurfacing devices [33]. A recent Medical Device Alert 
(MDA) reported higher than anticipated rates of revision for ASR™ 
acetabular cups and recommended that cups are implanted with 
inclination angles between 40° and 45° [50]. Whether this tight 
range can be achieved is open to question [51]. 
5. Conclusion 
This paper has presented a novel method for calculating vol-
umetric wear of ex vivo MoM hip prostheses. It was applied to 
the largest series of ex vivo ASRTM resurfacing prostheses reported 
in the scientific literature, though it is equally applicable to other 
resurfacing designs as well as all other MoM total hip replacements. 
The method has been shown to be accurate to approximately 
0.5 mm3 of volumetric wear across a range of wear volumes and has 
proved repeatable across multiple scans of the same component. 
Measurements of retrieved ASRTM components have shown 
wear rates significantly greater than is expected in a welI func-
tioning MoM resurfacing hip prosthesis. This is of real concern 
for patients implanted with the device. In late 2010 in the UK 
a MDA was issued preventing further implantation of ASRTM hip 
replacements [52]. On 26 August 2010 the ASRTM was withdrawn. 
However, some 93,000 ASRTM devices have been implanted world-
wide between 2003 and 2010. Vital conclusions can be drawn from 
studying failed hip prostheses so that risks to patients can be min-
imised in future designs. 
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Increased chromium (Cr) and cobalt (Co) concentra-
tions following metal-on-metal (MoM) hip 
arthroplasty are associated with local and systemic 
pathologic changes. 1-6 It is unquestionable that 
efforts should be made to identify modifiable vari-
ables leading to ion release to minimize the risk of 
adverse effects. 
To date, the variables that have been shown to 
significantly affect metal ion concentrations in the 
absence of renal disease are femoral component 
diameter,7 acetabular cup angles of inclination and 
anteversion,7-9 time from surgery,1O and activity.11 
Of these variables, only cup orientation can be 
regarded as realistically under the surgeon's 
control. However, it remains to be proven whether 
an optimal cup position exists and whether this is 
affected by implant design. Our previous work and 
those of others have suggested that the coverage 
angle provided by the acetabular cup is critical.7,12 
There is evidence, concordant with laboratory 
data, to suggest that clearance may also be an 
important variable in determining in vivo wear 
rates.13 
There were 3 aims of this study: 
1. To investigate the relationship between 
volumetric wear rate and serum metal ion 
concentrations 
2. To establish the incidence of excessive metal 
ion release following resurfacing with 
commonly used devices 
3. To identify cup orientations associated with 
lowest ion concentrations for each device and to 
propose mechanisms leading to increased wear. 
PATIENTS AND METHODS 
There were 723 patients in this series, 446 men 
and 277 women. All surgeries were performed by 
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2 experienced hip resurfacing surgeons who use 
metal ion analysis as part of routine follow-up. 
Both surgeons perform more than 100 hip resur-
facings per year. Surgeon 1 is based in the United 
Kingdom (at site 1) and surgeon 2 is based in 
Belgium (at site 2). At both sites, blood samples 
were collected from the patients at a minimum 
time of 12 months after surgery to avoid the con-
founding factor of higher levels of wear during 
the run-in period. 14.15 These patients did not 
have any other metal implants at the time of 
measurement. Three resurfacing devices were 
studied: the Articular Surface Replacement (ASR; 
DePuy International, Leeds, UK), the Birmingham 
Hip Resurfacing (BHR; Smith and Nephew, War-
wick, UK), and the Conserve® Plus (C+; Wright 
Medical Technology, Memphis, TN , USA). Serum 
ion analysis was performed using inductively 
coupled plasma mass spectrometry. Volumetric 
wear rates of explanted components determined 
by coordinate measuring machine analysis were 
compared with corresponding serum ion concen-
trations in vivo. The relationships between ion 
levels and component size and cup orientations 
remaining in vivo were investigated. The mean 
(range) age of patients from site 1 was 56 years 
(25-83 years) and the mean (range) time from 
surgery to blood sampling was 29 months (12-72 
months) for the patients with the ASR implant 
device and 66 months (48-81 months) for those 
with the BHR implant device. The mean age of 
patients from site 2 was 51 years and the mean 
(range) time from surgery to blood sampling was 
19 months (12-29 months) for the patients with 
the ASR implant device, 51 months (12-106 
months) for those with the BHR implant device, 
and 28 months (12-54 months) for those with the 
C+ implant device. 
Table 1 
Comparison of device characteristics 
Device Characteristics 
Subtended articular surface angle (0) 
Mean nominal radial clearance (~m) 
Manufacturing method of head 
Manufacturing method and treatment of cue 
Carbon contentC 
Implants 
From site 1 , there were 223 patients with ASR and 
72 with BHR implants. From site 2 there were 271 
patients with BHR, 136 with C+ , and 21 with ASR 
implants. Table 1 shows the differences in design 
between the implants in this study. 
Sample Collection 
The samples were obtained at site 2 using an intra-
venous catheter (Insyte-WTM; Becton Dickinson, 
Franklin Lakes, NJ, USA). After the catheter had 
been introduced, the metal needle was withdrawn 
and the first 5 mL of blood was discarded to avoid 
possible contamination from the needle. A second 
5 mL was collected using a vacuum tube (Venosafe 
VF-106SAHL; Terumo Europe NV, Leuven, 
Belgium). The samples were analyzed at the Labo-
ratory of Clinical Biology at Ghent University 
Hospital, Ghent, Belgium. The laboratory quotes 
its quantification limit as 0.5 Ilg/L with a reproduc-
ibility of 5%. At site 1, serum samples were 
collected in a similar manner. Venous cannulation 
was performed with a 21-gauge stainless steel 
needle (Venflon, Becton Dickinson, Helsingborg, 
Sweden), with disposal of the first 5 mL of blood 
to avoid contamination. All samples were centri-
fuged to separate blood and serum fract ions, 
frozen, and sent for blinded trace element analysis 
at the Trace Element Laboratory of the Royal Surrey 
County Hospital, Guildford, United Kingdom. This 
laboratory also quotes its quantification limit as 
0.5 Ilg/L with a reproducibility of 5%. 
Radiographic Analysis 
At the time of collection of the sample, the Univer-
sity of California, Los Angeles activity scores were 
ASR BHR C+ 
144-160a 1S8-16Sa 162- 16Sa 
50 100 80 
As cast As cast HIP/SAb 
HIP/SAb As cast HIP/SAb 
High High High 
a Subtended articular surface angles increase with increasi ng cup diameter. 
b HIP/SA, cast process and heat treatment by hot isostatic pressure/surface annealed. 
C High carbon content defined as ~0.20 %. ... . . . 
Data from Heisel C Kle in hans JA, Menge M, et al. Ten different hip resu rfaCing systems: blomechanlcal analySIS of 
design and material ~roperties . Int Orthop 2009;33(4):939-43; manufacturers' details; and independent testing. 
recorded and weight-bearing pelvic radiographs 
were obtained. From these radiographs, the 
following parameters were measured using ImageJ 
software (National Institutes of Health, Bethesda, 
MD, USA): femoral stem angle relative to the 
femoral shaft (SSA), femoral stem to femoral neck 
angle (SNA), and femoral offset and femoral 
component to femoral neck ratios. Einzel-Bild-
Roentgen-Analyse (EBRA, University of Innsbruck, 
Innsbruck, Austria) software was used to analyze all 
available radiographs to obtain angles of cup incli-
nation and anteversion. The accuracy of this soft-
ware has been discussed in the literature.'6 In 
most cases, one well-centered radiograph was 
available for analysis. Theoretical contact patch to 
rim (CPR) distance was calculated for all patients.' ? 
To test the validity of comparing Cr and Co 
levels between the 2 populations, patients with 
BHR implants from site 2 were matched with 
patients with BHR implants from site 1 by the 
length of time to blood sampling from surgery. 
From these patients, we selected only those with 
femoral components of size 50 mm and larger as 
we have previously showed these sizes to be rela-
tively resistant to cup position.!·17 To further 
control for the effects of cup position, cups with 
inclinations greater than 55° and less than 10° or 
anteversion greater than 30° were excluded. The 
Cr and Co levels for the matched populations 
were then compared using Mann-Whitney tests 
for non parametric data (Table 2). P values less 
than .05 were deemed significant. Two sample 
t-tests comparing the relevant parameters can 
be seen in Table 2. Cr concentrations in patients 
from UK were found to be slightly but significantly 
increased when compared with patients from 
Belgium. There was no significant difference 
between the groups with regard to Co. For this 
reason, we used only serum Co in the analysis. 
For the 3 resurfacing devices, the relationship 
between each variable and serum Co was 
Table 2 
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examined using the Spearman rank correlation. 
Rank correlation was preferred because of the 
non parametric nature of the ion data. Scatter plots 
were used to identify nonlinear relationships. To 
examine the relative sensitivity of each device to 
the effects of cup orientation, the patients from 
each implant group were divided into subgroups 
of inclination «25°, 25°-2JO, 2JO-29°, 29°-31 °, 
31 °-33°, 33°-35°) and anteversion «0°, 0°-5°, 
5°-7°, JO-9°, 9°-11 °). From each subgroup the 
median Co level was calculated and plotted. To 
further examine this relationship, patients were 
placed into zones of cup orientation based on 
the EBRA measurements (Fig. 1). We then calcu-
lated the percentage of patients in each zone (for 
each device) with serum Co levels more than 
7 Ilg/L. This figure has recently been quoted by 
the Medicines and Healthcare Products Regula-
tory Agency/Metal on Metal Working Committee 
of the United Kingdom, indicating a poorly per-
forming bearing surface with recommendations 
for close patient follow-up. Windows SPSS version 
15.0 (SPSS Inc, Chicago, IL, USA) was used for 
statistical analysis throughout. 
Survival Analysis Using Metal/on 
Concentrations 
In our previous work we showed that there was a 
suggestion that there is a temporary immunity to 
increases in the wear of mal positioned cups/cups. '? 
With th is principle in mind, we collected all the 
metal ion results from all patients in the study at 
all periods, including repeat samples from indi-
vidual patients at different times postoperatively. 
Of the 723 patients, 124 had undergone repeat 
testing (as part of routine screening), giving a total 
of 847 samples. Using these data, we conducted 
a Kaplan-Meier survival analysis comparison 
between the patients in each device group, with 
the latest follow-up being the time in months 
Comparison of joint sizes/orientations and serum Cr and Co concentrations of patients with the BHR 
implant device from both sites 
Variables Site 1 Site 2 Pvalue 
Number 40 48 
Time to Samele (mo) 66 (48-81) 64 (50-81) .190 
Femoral Size (mm) 51 .6 52.4 .107 
Cue Inclination (0) 48.5 (33-55) 48.8 (34-55) .890 
Cue Anteversion (0) 17.04 (10-39) 20.5 (10-36) <.001 
Serum Cr ( ~g/L) a 3.49 1.80 <.001 
Serum Co (~g/L)a 1.31 1.20 .812 
a Median values, all other values are means (range). 
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Fig. 1. Cup orientation zones. Serum Co concentra-
tions in zone 1 were significantly lower than that in 
zones 2 to 6 (P = .04 zone 1 vs zone 2). Zones 2 and 
3 represent gradual extension of zone 1. Zone 1: incli -
nation, 40° to 50°; anteversion, 10° to 20°. Zone 2: 
inclination, 35° to 55°; anteversion, 5° to 25°. Zone 
3: inclination, 30° to 60°; anteversion 0° to 30°. Zones 
4 to 6 represent suboptimally orientated cups as previ-
ously defined by resurfacing metal ion studies.7. l 2.l 7 
Zone 4: inclination greater than 60°; anteversion less 
than 30°. Zone 5: inclination less than 60°; anteversion 
greater than 30°. Zone 6: inclination greater than 60°; 
anteversion greater than 30°. 
from the resurfacing to the last blood sample. The 
patients were then categorized into a large joint 
group (femoral diameter2:53 mm) or a small joint 
group (femoral diameter<53 mm). The principle 
of this categorization was based on our previous 
results, which showed larger joints to be less 
vulnerable to the effects of cup position. 17 The 
patients were then also categorized by cup posi-
tion and a Cox proportional hazard model 
constructed. 
EXPLANT ANALYSIS 
The wear of retrieved ASR matched femoral and 
acetabular components from site 1 (n = 35 pairs) 
was measured by a coordinate measuring machine 
(CMM) using a scanning head (Legex 322, Mitutoyo 
Halifax, UK) with a spatial resolution of less than 1 
~m in the area of measurement. Measurements 
were made for every 50 on 18 concentric circles 
as well as at the pole of the component, which re-
sulted in a total of 4500 to 6000 measurements for 
each component, dependent on the radius of the 
explant. The wear scars of each component were 
categorized as anteverted or retroverted according 
to the description by Waiter and colleagues. la Volu-
metric wear was calculated using the method 
described in the Appendix. Univariate linear 
regression was used to examine the relationship 
between volumetric wear rates and serum Co 
and Cr levels. Using the Medicines and Healthcare 
products Regulatory Agency (MHRA) level of 7 ~g/L 
as a positive test and abnormal bearing surface 
wear as an annual wear rate greater than 3 mm3/y, 
(In our recent work, 3 mm3/yr was the lowest 
bearing surface wear rate of a resurfacing device 
associated with adverse reaction to metal debris .l~ 
the sensitivity and specificity of serum Cr and Co 
testing was evaluated. 
RESULTS A: EX VIVO 
Explant Analysis and Serum Ion 
Concentrations 
Volumetric wear correlated well with serum Cr 
(r2 = 0.66, P<.01) and serum Co concentrations 
(r2 = 0.78, P<.01). Specificity and sensitivity 
(95% Cl) of serum Co levels greater than 7 ~lg/L 
were found to be 1.00 (0.67-1 .00) and 0.93 
(0.83-0.98), respectively. Specificity and sensi-
tivity (95% Cl) of serum Cr levels greater than 7 
~g/L were found to be 0.80 (0.48-0.97) and 0.93 
(0.83-0.97), respectively. Wear maps of retrieved 
components were generated and can be seen 
adjacent to the corresponding radiographs 
(Fig. 2). In Fig. 2, for simplification, red areas 
represent wear of greater than 20 ~m deviation 
from a perfect spherical form. All explants that 
were found to have extremely high wear rates 
were found to have edge loading of the acetabular 
components. We define edge loading here as 
a progressive increase in the measured wear 
depths of the cups so that maximal wear depths 
occur at the edge of the articular surface. 
RESULTS B: IN VIVO 
Femoral Size 
In all 3 devices, we identified an inverse relation-
ship between femoral component size and serum 
Co concentrations (Table 3). This relationship 
was not significant in the C+ device. However, 
the largest values were found in the patients in 
whom larger-diameter bearings had been subopti-
mally positioned. 
Cup Inclination 
Increasing serum Co concentrations were associ-
ated with increasing inclination angle of the ASR 
cup (Fig. 3; see Table 3). In the patients with BHR 
and C+ implant devices, lowest ion levels were 
associated with cups placed with inclinations of 
450 to 500. These results were consistent through 
the size ranges. 
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Fig. 2. (A) Retrieved components of a 45-year-old female patient with bilateral ASR resurfacings. Right ASR failed 
at 19 months, the left failed at 58 months. Both failures were secondary to pain, large joint effusions, and areas 
of tissue necrosis. The right cup was placed with inclination/anteversion angles of 57°/27°, and the corresponding 
femoral component shows signs of anterior rim loading with possible anterior subluxation. The left cup was 
placed with inclination/anteversion angles of 41 %°. The wear scar is directed in an opposite direction to the 
right, indicating posterior rim loading and subluxation. The time to onset of pain in the left hip was much longer 
compared with the right and this potentially reflects the less steep increase in metal ion levels associated with low 
cup angles as opposed to high cup angles. (8) Femoral component of a 49-year-old male patient (ASR) with 
femora l fracture at 4 years associated with metallosislaseptic Iymphocyte dominated vasculitis associated lesion. 
The main wear scar is retroverted suggesting that the mechanism of wear was posterior edge loading/subluxation 
during deep flexion and internal rotation. The cup is orientated in 40° of inclination and 8° of anteversion (radio-
logical). (C) Retrieved components from a 50 year old male who suffered a femoral neck fracture at 7 months. The 
cup was placed in 41 ° of inclination and 20° of anteversion. Patterns of wear suggest possible equatorial bearing 
secondary to low clearance. 
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Table 3 
The Spearman rank correlations between each examined variable and serum Co concent ration 
for each device 
Variables ASR BHR C+ 
Femoral Size - 0.22 (.01) - 0.21 «.01) - 0.12 (.16) 
Cu~ Inclination 0.41 «.01) 0.09 (.07) - 0.11 (.20) 
Cu~ Anteversion 0.15 (.130) 0.13 (.03) 0.20 (. 021) 
Time from Surge~ 0.17 (.05) 0.07 (.50) - 0.07 (.432) 
SSA 0.06 (.53) 0.18 (.05) 0.18 (.03) 
SNA - 0.07 (.57) 0.18 (.190) 0.01 (.90) 
Stem Neck - 0.14 (.17) 0.04 (.457) 0.25 (.05) 
Offset 0.01 (.98) - 0.23 (.004) - 0.01 (.93) 
UCLA Score - 0.29 (.09) 0.010 (.85) - 0.05 (.54) 
Head Neck Ratio 0.47 (.01) 0.22 «.01) 0.1 2 (. 17) 
CPR - 0.49 «.01) - 0.255 «.01) - 0.09 (.28) 
Age 0.02 (.82) 0.06 (.65) 0.1 0 (.25) 
All patients in the study are included. Note that there is a strong positive correlation among the patient group as a whole 
between femoral size and offsetJSSAlSNA. When femoral size is controll ed for t hese variables nonsignificant relationships 
to Co levels is shown. P values are given in parentheses. 
Abbreviations: SSA, femora l stem angle relative to t he femoral shaft, SNA, femoral stem to femoral neck angle. 
Cup Anteversion 
The ASR proved to be extremely sensitive to both 
increased and decreased anteversion (Fig. 4). The 
median Co concentration of patients with BHR 
devices with cups placed with anteversion greater 
than 30° was greatly increased, although this rela-
tionship was absent in patients with BHR devices 
w ith femoral implant sizes larger than 50 mm. 
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Fig. 3. Median serum Co values associated with each 
subgroup of inclination. All patients in the study are 
included. Red, ASR patients; blue, BHR patients; 
green, C+ patients. Median Co level associated with 
ASR cup inclinations greater than 60° is removed for 
graphical representation (21 .5 Ilg/L). 
to the effects of anteversion; however, there 
were only a limited number of patients (n = 4) 
with a cup anteversion greater than 30°. 
The Interaction of Bearing Diameter 
and Cup Orientation 
Large joints of each device were compared with 
small joints of each device in cup zone 3, 4, and 5. 
These zones were selected because cups placed 
in these positions are not generally viewed as opti-
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Fig. 4. Median serum Co values associated with each 
subgroup of anteversion. All patients in the study 
are included. Red, ASR patients; blue, BHR patients; 
green, C+ patients. 
in surgical practice. In all devices, the median Co 
values were found to be lower in the large joint 
groups, 3.71 versus 2.38 ~g/L (P = .08) for the 
ASR, 2.50 versus 1.60 ~Lg/L (P<.01) for the BHR, 
and 3.00 versus 1.35 ~g/L (P = .04) for the C+ 
groups. 
Design Factors Other than Bearing Diameter 
and Cup Orientation 
Site 2 patients with the BHR device were matched 
with those with the C+ device according to the 
duration of time postoperation to blood sampling. 
These 2 devices were selected for comparison 
because they have the largest arcs of cover, 
opposing heat treatments and differing clearances 
(see Table 1). From these patients, we selected 
only those with femoral components of size 50 
mm and above for reasons outlined earlier. To 
further control for the effects of cup position, cups 
with extreme inclinations (>55°) and/or antever-
sions «10° or >30°) were excluded. The Cr and 
Co levels for the matched populations were then 
compared using Mann-Whitney tests for nonpara-
metric data. Two sample t-tests comparing the 
relevant parameters of the 2 groups can be seen 
in Table 4. 
Incidence of Serum Co Levels Greater than 
7 J.lg/L Between Devices by Cup Placement 
Zone 
Fig. 5 shows the percentage of patients with serum 
Co concentrations greater than 7 ~Lg/L related to the 
zone of cup placement. In zone 1, serum Co 
concentrations in 10% of the patients with the 
ASR device were above this level. The C+ device 
was most resistant to variations in cup placement, 
consistent with the results described earlier. 
However, blood samples in patients with the BHR 
device were taken at a significantly greater period 
Table 4 
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postoperatively compared with the patients with 
the C+ device, hence our reason to conduct the 
survival analysis described later. 
RESULTS C: SURVIVAL ANALYSIS 
Direct comparison of the 3 devices with all patients 
and all results included showed a significant 
increase in the failure rate of the ASR device 
compared with the BHR and C+ devices (Fig. 6). 
There was no significant difference in survival 
between the groups with C+ and BHR devices. 
When patients with the large-joint implants were 
examined separately, there were no significant 
differences in the survival of each device and 
cup orientation was not found to be a significant 
variable. When only patients with the small-joint 
implants were included in the Cox hazards model, 
the ASR device was found to have a hazard ratio of 
7.58 compared with the BHR device (P< .01 ). There 
was a sequential increase in the hazard ratio with 
cups placed further from zone 1 (all P values<.05). 
DISCUSSION 
Serum metal ion concentrations have been shown 
to correlate well with maximum wear depths of ex-
planted femoral resurfacing prostheses. 1 
However, linear wear depths can be unrepresenta-
tive of total volumetric loss of material. In this 
study, we have demonstrated for the first time 
a strong correlation between serum ion concentra-
tions and total volumetric wear rates. Recently, 
there has been a report of multiple end organ 
damage secondary to Co intoxication after 
a conventional total hip replacement.6 It has also 
been shown that revision surgery secondary to 
adverse reactions to metal debris frequently lead 
to unsatisfactory outcomes due to widespread 
tissue destruction.2o•21 It could be argued that 
reducing articulating surface wear is the most 
Comparison of joint sizes/orientations and serum Cr and Co concentrations of the matched patients 
with BHR and C+ devices from site 2 
Joint Characteristics BHR C+ Pvalue 
Number 21 35 
Time to Sam~le (mo) 34 (12- 57) 28 (12- 54) .207 
Size (mm) 52.2 51 .5 .240 
Cu~ Inclination (0) 50.7 (41-55) 50.3 (33-55) .771 
Cu~ Anteversion (0) 16.8 (10-19) 16.0 (10-19) .326 
Serum Cr (~g/L)* 2.00 1.60 .13 
Serum Co (f!g/L)* 1.80 1.10 .02 
Figures are means (and range) unless denoted by"·" which indicate median values. 
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Fig. 5. Cup orientation zone and risk of serum Co 
concentrations greater than 7 ~g/L. Red, ASR patients; 
blue, BHR patients; green, C+ patients. 
important consideration when a resurfacing device 
is implanted, given the proven and theoretical risks 
of local and systemic exposure to metal debris. 
The Medicines and Healthcare Products Regula-
tory Agency of the United Kingdom have recom-
mended close follow-up of patients with Co or Cr 
concentrations greater than 7 ~g/L. The aim of 
this study was to gain further understanding of 
the risk of excessive metallic debris exposure after 
implantation of commonly used resurfacing 
devices by studying the largest independent metal 
ion collection in existence. We also hoped 
to provide evidence of the mechanisms leading 
to accelerated wear and suggest explanations 
as to why some devices and bearing sizes may 
be more susceptible to these processes. 
Large diameter MoM joints are designed to 
harness a beneficial lubricating film to reduce 
wear. Components are manufactured with such 
precision that, in theory, the moving joint should 
develop a fluid film of sufficient thickness for the 
joint to function in fluid film lubrication (lambda 
ratio>3). It is recognized that harnessing of this 
lubricating film can be encouraged by increasing 
the femoral component size22 and decreasing 
the clearance between the femoral and acetabular 
components. 13 Factors thought to impair fluid film 
generation include rim contact23,24 and compo-
nent subluxation.25,26 If the prosthesis is starved 
of a lubricating film, wear will increase dramatically 
over the large bearing surfaces.27 Evidence of this 
tendency to boundary lubrication in poorly per-
forming prostheses can be found in the fact that 
the ion values considered statistical outliers in 
this data are found in the patients implanted with 
larger-diameter resurfacings. 
Leslie and colleagues26 showed in a hip simu-
lator study that increased cup inclination angles 
(>55°) increased the rate of wear of resurfacing 
components secondary to edge loading. There is 
an expanding body of clinical data that is consis-
tent with these results.7- 9 Leslie and colleagues 
also found that wear rates can be dramatically 
increased when edge loading is combined with mi-
croseparation of the femoral and acetabular 
components. This can best be achieved in clinical 
practice by combining high anteversion angles 
with high inclination angles. The joint is then 
vulnerable to posterior impingement of the femoral 
neck on the cup rim during extension, in some 
extreme cases during the gait cycle.28 This mech-
anism in itself can disrupt the fluid film but can also 
lever the head anteriorly creating stripe wear on 
the femoral component and rim damage/edge 
wear on the cup (see Fig. 2A). In this way, the 
mechanical situation Leslie and colleagues 
showed to increase metallic wear 17 -fold in vitro 
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Fig. 7. A histogram showing the linear wear depths 
across the sample was created. Most points are very 
close to the zero mark, indicating that much of the 
surface was pristine. The vertical red lines represent 
+/- 5 microns around the determined radius. Most 
unused resurfacing devices we have examined have 
a manufactured form within this tolerance band. 
The ASR device has a smaller arc of coverage 
relative to the other devices (see Table 1), which 
has certain implications. When matched for size 
and orientation, component contact always occurs 
closer to the rim of an ASR cup than in the other 
devices. The 3 cups, ASR, BHR, and C+, also 
have different rim designs. The ASR introducer 
inserts adjacent to the articular surface leaving 
a sharp edge, which may mean that subluxation 
of the ASR femoral component is particularly detri-
mental. The recessed nature of the articular rim in 
comparison with the outer rim also means that the 
advantage of a subhemispherical cup design in 
terms of avoiding impingement has been largely 
negated. It is to be noted that impingement is 
related to not only the cup design but also the angle 
of function of the femoral component. In practical 
terms, the ASR device does not provide a greater 
ROM than the other devices. 





Fig. 8. An example of the grid created in Matlab for 
a femoral head. 





Fig. 9. The heat map for the femoral head in Fig. 8 
colored by linear wear depth. Deep blue indicates 
maximum wear depth on the sample and deep red 
indicates a pristine surface. 
Healthy subjects require an average of 104° of 
hip flexion for sitting, 112° to rise from sitting, 
and 125° to stoop to pick up an object from the 
floor.29 Hip extension reaches a mean peak of 
20° during the normal adult gait cycle. Given this 
information, range of motion studies3o.31 involving 
hip resurfacing models suggest that the necks of 
resurfaced femurs frequently impinge on the 
acetabular cup during activities of daily living.28 
However, if impingement alone was the dominant 
mechanism of ion release, then wider variation is 
expected in the ion results associated with 
larger-diameter resurfacings because they have 
a poor head to neck ratio. This is clearly not the 
case. That is not to say that impingement is not 
an important factor, rather that the smaller varia-
tion in ion concentrations of larger diameter resur-
facings are likely to reflect impingement processes 
without the compounding effect of severe edge 
loading. This theory may well explain why inclina-
tion angles of the C+ and BHR devices at the high-
er limit of what is presently considered acceptable 
(45°-50°) are associated with the lowest median 
ion levels in this large series. Inclination angles in 
this range, in these 2 devices, when coupled with 
reasonable angles of anteversion (10°-20°) 
confers a greater range of impingement-free 
flex ion and extension as well as provides sufficient 
acetabular coverage.30 The most recent anatomic 
studies of the human pelvis show the acetabular 
inclination angle to be approximately 55° (relative 
to the anterior pelvic plane).32 It seems that once 
edge loading is eliminated as a factor, the more 
"physiologically" the acetabulum is reconstructed, 
the lower the associated metal ion concentrations. 
Although there is clear evidence that the ASR 
cup favors lower inclination angles, there also 
seems to be a difference between devices in terms 
of the optimal angle of anteversion (see Fig. 4). The 
lowest median Co concentrations occur in 
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Table 5 
Comparison of the present method with established gravimetric methodology 
Method 
Gravimetric Weight (mg) 
Gravimetric Volume (mm3) 
Matlab: Mean ± Standard Deviation (mm 3) 
patients with the ASR device with cups ant everted 
between 150 and 200 • In the group with the BHR 
device, lowest Co levels are found in patients 
with cups positioned between 100 and 150 of ante-
version. The C+ seems to tolerate a wider range of 
anteversion. This tolerance leads us to speculate 
that the negative effects of near-neutral antever-
sion observed with the ASR and the smallest 
BHR devices are primarily because of the effects 
of posterior edge loading (± anterior impingement) 
during deep flexion/stair climbing. The retroverted 
wear scars identified on retrieved femoral compo-
nents, which were coupled with cups with low 
angles of anteversion, provide direct evidence of 
this effect (see Fig. 2A, B). 
We found a highly significant positive correlation 
between Co and Cr levels and head/neck ratio in 
the patients with ASR and BHR devices, that is, 
the greater the head to neck ratio, the higher the 
observed ion concentrations are likely to be. The 
head/neck ratio of the largest implants is approxi-
mately 1.30 steadily increasing up to 1.50 for the 
smallest implants (all devices). We consider this 
ratio to be further evidence that the radius and 
coverage arc of the bearing surface is more impor-
tant than the head/neck ratio (ie, tendency to 
impinge) in the process of metal ion generation. 
We do not know if this is primarily because of an 
improved lubrication regime or because of the 
protection from edge loading. We must also not 
discount the possibility that a highly localized 
concentration of metal debris per se causes thin-
ning of the femoral neck and consequently 
increases the head/neck ratio. However, analysis 
of serial radiographs does not seem to prove 
a clear association between neck thinning and 
metal ion levels at this stage. 
Patients who have a well-positioned C+ device 
have a slightly but significantly lower Co concen-
tration than those with a BHR device when the 
devices are comparable in terms of time to blood 
sampling, femoral size, and cup orientation. This 
may be because of the beneficial effect of or 
a combination of the reduced clearance of the 
C+, the larger acetabular coverage, and a differ-
ence in the material properties of the components. 
It does seem to suggest, however, that the heat 
First Second Third 
42.0 84.1 128.6 
5.1 10.1 15.5 
5.17 ± 0.72 9.82 ± 0.51 15.74 ± 0.25 
treatment of the C+ device does not have a signif-
icant effect on ion release at this length of follow-
up. This information must be taken with the caveat 
that the designer surgeon of the BHR (Derek 
McMinn) has shown evidence that a previous 
double heat-treated device first began to fail at 5 
years postsurgery.33 It was for this reason that 
we conducted our survival analysis.33 
The survival analysis presented in this article 
must be interpreted with caution for obvious 
reasons. This study was not prospective and the 
time points at which blood samples were taken/ 
repeated in each patient group were not standard-
ized. Also, although blood tests at each center are 
performed routinely, significant selection bias 
cannot be ruled out. For example, patients experi-
encing pain may have been more likely to attend 
clinics to give samples. Despite this limitation, 
we believe that the large number of patients 
involved in the study go some way to reducing 
the effects of the factors described earlier. More 
importantly we do believe that the time from 
implantation to venesection plays a significant 
role in the identification of accelerated wear, 
particularly in poorly positioned or poorly designed 
implants. In the patient group described in this 
article, we identified 8 patients with ASR device 
with theoretical CPR distances of less than 5 mm 
who all had Co concentrations less than 7 119/L 
in blood samples taken within 2 years of surgery. 
We have previously shown a CPR distance of 
less than 5 mm to be strongly associated with 
high wear states. 17 When these blood tests were 
repeated 2 years later, all but 2 of these patients 
were found to have Co levels greater than 7 I1g/L. 
It is likely that this time delay is related to: 
1. The duration of time that has to elapse before 
the edge of the developing wear area reach-
ing the edge of the articular surface of the CUp24 
2. The time needed for the bearing surfaces to 
roughen beyond a critical level. 
Either of these 2 situations could lead to the 
inability of the joint to develop a sufficient lubri-
cating film and therefore an increased tendency 
toward boundary lubrication.34 
Of the patients in this study, 13.6% were found 
to have serum Co concentrations greater than 
7 Ilg/L. Increased concentrations were associated 
with reduced bearing diameter, suboptimal cup 
placement, and devices with reduced coverage 
arcs. In patients who received a BHR device or 
C+ resurfacing device with a femoral component 
larger than or equal to 49 mm mated with a cup 
placed between 30° and 60° of inclination and 0° 
and 30° of anteversion this percentage decreased 
to 3.35%. 
Resurfacing cups positioned in 45° ± 5° of incli-
nation and 15° ± 5° of anteversion seemed to be 
least vulnerable to the processes leading to metal 
ion release (see Fig. 6). Larger-diameter near-
hemispherical components provide greater 
coverage and can tolerate greater variability in 
component orientation. 
SUMMARY 
The results of this study were consistent with the 
idea that the coverage arc provided by the resur-
facing cup is critical in terms of metal ion genera-
tion. Smaller diameter bearings with insufficient 
coverage arcs are vulnerable to unacceptable 
increases in metal ion concentrations even when 
relatively well positioned. Of all the patients with 
the ASR device in this study, 23% were found to 
have Co concentrations greater than the MHRA 
guidance of 7 ~lg/L compared with 6% of the 
patients with the BHR and C+ devices. This inci-
dence was further reduced to 3.4% when only 
patients with bearing diameters greater than or 
equal to 50 mm were included. Serum ion concen-
trations can reliably be used as surrogate markers 
of volumetric bearing surface wear. 
APPENDIX 
Cartesian coordinate data from the CMM were 
read into Matlab (The Mathworks, Inc, Natick, 
MA, USA). These data were used to reconstruct 
the surface of the component. At each point, the 
rad ius was calculated using the formula 
J X2+ y 2+Z2 = r , where X, Y, and Z represent 
the Cartesian coord inates of the point and r is 
the radius of the sphere. By considering only the 
unworn regions of the samples, it was possible 
to identify the original component radius in th is 
manner. It was important to disregard the worn 
areas in this stage because they would adversely 
affect the calculation. Using a histogram such as 
that in Fig. 7, it is obvious that the worn radii are 
the low frequency values and the unworn surface 
is represented by the high frequency values of 
small range. With the orig inal radius known, the 
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linear wear depths were calculated by subtracting 
each calculated radius from the original radius. In 
the case of femoral heads, wear leads to a smaller 
radius being calculated. For acetabular cups, the 
calculated radii are larger. 
Once the wear depths were calculated, a grid 
was interpolated between adjacent points 
(Fig. 8). This grid was used to calculate wear 
volume. The size of each grid square was calcu-
lated, and this size was multiplied by the mean 
wear depth at that square to give a volume. These 
small volumes were summed across the entire 
surface. A heat map was produced to show this 
information, allowing for quick visual analysis of 
wear severity and patterns (Fig. 9). 
This method was validated against a gravimetric 
technique. A sample head was cleaned thoroughly 
in an acetone bath for 5 minutes. The sample head 
was left to dry for 1 hour on a lint-free cloth and 
then weighed on a high-precision scale (Denver 
Instrument, NY, USA, accuracy 0.1 mg). The 
sample was weighed 6 times and an average 
taken. After this, the sample was placed on the 
CMM using the method described earlier and 
the resulting data file was analyzed in Matlab. 
The sample then had a quantity of material 
removed to simulate wear and was cleaned, 
weighed , measured, and analyzed again in the 
same way. This procedure was repeated for a total 
of 4 times. The results are shown in Table 5. 
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Adverse reaction to metal debris following 
hip resurfacing 
THE INFLUENCE OF COMPONENT TYPE, ORIENTATION AND 
VOLUMETRIC WEAR 
We sought to establish the incidence of joint failure secondary to adverse reaction to metal 
debris (ARM D) following metal-on-metal hip resurfacing in a large, three surgeon, 
multicentre study involving 4226 hips with a follow-up of 10 to 142 months. Three implants 
were studied: the Articular Surface Replacement; the Birmingham Hip Resurfacing; and the 
Conserve Plus. Retrieved implants underwent analysis using a co-ordinate measuring 
machine to determine volumetric wear. There were 58 failures associated with ARMD. The 
median chromium and cobalt concentrations in the failed group were significantly higher 
than in the control group (p < 0.001). Survival analysis showed a failure rate in the patients 
with Articular Surface Replacement of 9.8% at five years, compared with < 1% at five years 
for the Conserve Plus and 1.5% at ten years for the Birmingham Hip Resurfacing. Two ARMD 
patients had relatively low wear of the retrieved components. Increased wear from the 
metal-on-metal bearing surface was associated with an increased rate of failure secondary 
to ARMD. However, the extent of tissue destruction at revision surgery did not appear to be 
dose-related to the volumetric wear. 
Metal-on-metal (MoM) hip resurfacing 
devices were re-introduced following a num-
ber of design changes. I •2 The encouraging 
early results of the Birmingham Hip Resur-
facing (BHR; Smith and Nephew, Warwick, 
United Kingdom) designers' series3 led to a 
rapid increase in the number of surgeons car-
rying out the procedure. A number of manu-
facturers subsequently developed their own 
implants, resulting in the large number of 
resurfacing systems in regular use in Europe 
and the United States.4 Each commercially 
available device has a different combination 
of modifications of the original designs.s The 
central design features which are thought to 
influence wear are: the use of 'as cast' versus 
forged material; varying heat treatments of 
the femoral and acetabular components; the 
difference in diameter between mated com-
ponents (the diametral clearance); the arc of 
acetabular cover, and the angle of function of 
the femoral component.S-IO 
With the technology currently available, 
the MoM bearing surface remains integral to 
the design of hip resurfacing. The main draw-
back of a metal articulation is the production 
of metal debris due to the combined effect of 
mechanical and corrosive wear. In fact, the 
popularity of the procedure has waned in the 
last two years following a number of reports 
of adverse reactions in the per i-prosthetic tis-
sues of resurfaced hips.ll-ts 
We have previously highlighted the disparity 
in blood chromium (Cr) and cobalt (Co) levels 
between patients recelVlng different hip 
resurfacings16 and have identified a relationship 
between increased wear of the articular surface 
and the incidence of soft-tissue lesions}? The 
aim of this study was to involve other centres 
and thereby increase the number of hip resur-
facing procedures available for analysis in order 
to gain more understanding of the incidence of 
adverse reactions to metal debris (ARMD) in 
three commonly used hip resurfacing arthro-
plasty designs, further investigate the clinical 
effects of increased wear debris from MoM hip 
resurfacings, and determine whether the extent 
of tissue destruction in ARMD is related to vol-
umetric wear from the bearing surfaces. ARMD 
is an umbrella term.17 It is used to describe joint 
failure secondary to surface wear of the bearing 
surface or corrosion debris, in the absence of 
any other obvious explanation. It encompasses 
metallosis, pseudotumour and aseptic lympho-
cyte-dominated vasculitis associated lesion 
(ALVAL)}8 
Patients and Methods 
Three implant designs were used in the study: 
A: the Articular Surface Replacement (ASR; 
THE JOURNAL OF BONE AND JOINT SURGER Y 
ADVERSE REACTION TO METAL DEBRIS FOLLOWING HIP RESURFACING 
Table I. Details of the three devices 
Subtended articular surface angle (0) 
Mean radial clearance (Ilm) 
Impingement-free range of movement(O)' 
Wall thickness at rim (mm) 
Manufacturing method of head 
Manufacturing method and treatment of component 
Surface roughness (Ilm) 
Deviation of roundness head (Ilm) 




144 to 160t 
50 









158 to 166t 
100 









162 to 165 
80 








* ASR, Articular Surface Replacement; BHR, Birmingham Hip Resurfacing; C+, Conserve Plus 
t subtended articular surface angles increase with increasing component diameter 
:I: this refers to the maximum arc of movement in a single plane prior to impingement of the 
femoral neck on the rim of the acetabular component, assuming that the neck is flush to the base of 
the femoral component and that impingement will take place on the articular rim of the BHR and 
the C+ components and on the outer rim of the ASR component. The range of motion decreases 
with increasing component size for all devices 
§ HIP/SA, cast process and heat treatment by hot isostatic pressure/surface annealed 
11 High carbon content is defined as <!: 0.2% 
Source: manufacturers' details and (ndependent testing5 
Table 11. Patient demographics, joint orientations and metal ion concentrations (centre 1). All values are mean values (range) 
unless marked with * in which case they are median values 
Demographics 




Femoral size (mm) 
Inclination angle (0) 
Anteversion angle (0) 
Outcome scores 
Harris Hip Score 
Total ion results 
Serum metal ion levels 
Cr (Ilg/L)" 
Co (1l9/L)' 
Whole blood metal ion levels 
Cr (1l9/L)" 
Co (1l9/L)" 
Adverse reaction to metal debris failure at a minimum of ten months (%) 
Design A 
430 
56 (28 to 77) 
44 
37 (10 to 67) 
48.6 (39 to 59) 
48.5 (31 to 70) 
20.4 (3 to 39) 
93 (35 to 100) 
156 
4.00 (0.6 to 115) 
2.60 (0.4 to 228) 
3.89 (1.5 to 69.8) 




51 (32 to 67) 
43 
65 (59 to 87) 
47.6 (38 to 58) 
48.3 (32 to 70) 
19.9 (-5 to 39) 
97 (51 to 100) 
95 
4.42 (1.8 to 77) 
1.56 (0.7 to 190) 
3.92 (2.37 to 40) 
1.44 (0.63 to 147) 
1 (0.56) 
165 
Depuy, Leeds, United Kingdom); B: BHR; C: Conserve Plus 
(C+; Wright Medical, Memphis, Tennessee). The important 
differences between the three devices can be seen in Table I. 
All the patients of three experienced hip resurfacing sur-
geons (AVFN, KDS, JPH) who received a design A, B or C 
resurfacing prosthesis between January 1998 and January 
2009 were involved in this study. A total of 4226 hips in 
3888 patients were studied. Details of the patients are 
shown in Tables II, III and IV. Surgeon 1 (AVFN) is based in 
the United Kingdom (University Hospital of North Tees, 
Stockton, United Kingdom). Between 2002 and 2004 he 
used design B for all resurfacing procedures. From 2004 he 
used design A exclusively. This cohort of patients has been 
described previously.17,19 From 2007, patients at this centre 
have undergone routine whole blood and serum metal ion 
testing.2o Surgeon 2 (KDS) is based in Belgium (ANCA 
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166 D. J. LANGTON, T. J. JOYCE, S. S. JAMESON, J. LORD, M. VAN ORSOUW, J. P. HOLLAND, A. V. F. NARGOL, K. A. DE SMET 
Table Ill. Patient demographics, joint orientations and metal ion concentrations (centre 2). All values are mean values (range) unless 
marked with * in which case they are median values 
Design A Design B Design C 
Demographics 
Number of hips 59 1922 961 
Age (yrs) 54 (27 to 69) 52 (20 to 79) 55 (20 to 80) 
% Female 39 39 41 
Follow-up (mths) 31 (11 to 58) 68 (10 to 142) 34 (10 to 82) 
UCLAt score 6.2 (5 to 9) 7.4 (3 to 10) 7.0 (4 to 10) 
Femoral size (mm) 50.7 (45 to 59) 49.8 (38 to 58) 48.4 (38 to 62) 
Inclination angle (0) 49.8 (32 to 60) 51.8 (32 to 70) 49.0 (31 to 65) 
Anteversion angle (0) 20.8 (0 to 42) 21.8 (Oto41) 22.3 (3 to 44) 
Outcome scores 
Harris Hip Score 97 (27 to 100) 98 (27 to 100) 98 (29 to 100) 
Total ion results 26 368 144 
Serum metal ion levels 
Cr (j.lg/L)· 1.6 (0.6 to 184) 2.6 (0.8 to 93) 1.8 (0.3 to 40) 
Co (j.lg/L)* 1.9 (0.6 to 235) 1.9 (0.5 to 119) 1.4 (0.4 to 55) 
Adverse reaction to metal debris failure at a minimum of te~ months (%) 2 (3.4) 23 (1.5) 4 (0.42) 
Table IV. Patient demographics, and joint orientations (centre 
3). Values are mean (range) 
Demographics 




Femoral size (mm) 
Inclination angle (0) 
Anteversion angle (0) 
Outcome scores 
Harris Hip Score 
~verse reaction to metal debris (%) 
Design B 
674 
49 (22 to 70) 
32 
65 (10 to 130) 
51.0 (38 to 62) 
44.9 (30 to 64) 
14.8 (0 to 28) 
97 
3 (0.45) 
Clinic, Ghent, Belgium). He initially used design B but has 
Subsequently also used designs A and C. Routine serum 
llletal ions analysis is undertaken post-operatively. The 
~arly results of the patients receiving design B at this centre 
. aYe been published previously.21 Surgeon 3 (JPH) is based 
In the United Kingdom (Freeman Hospital, Newcastle-
~Pon-Tyne, United Kingdom) and uses design B exclusively. 
U Surgeons used the posterior surgical approach. 
A.t all centres, outcomes were assessed at six months, at 
one year and annually thereafter using the Harris hip 
SCOre22 and the UCLA activity score. Any patient whose hip 
was revised or was listed for revision secondary to ARMD 
at the time of writing was recorded. At centres 1 and 2, 
Standing radiographs were obtained at the time of blood 
~alllPling and analysed using EBRA software (University of 
nnsbruck, Innsbruck, Austria) to measure the inclination 
and anteversion of the acetabular component.23,24 This was 
carried out by one of the authors (DJL). At centre 3, the 
first 100 well-centred digitised standing radiographs were 
analysed in order to provide an assessment of the orienta-
tion of the acetabular component, whose position was allo-
cated a 'zone' as shown in Figure 1. Zone 1 corresponds to 
a safe zone derived from our previous work based upon an 
analysis of metal ion results and explants.25 
The diagnosis of ARMD was made by the consultant in 
charge and was based on clinical presentation, findings at 
revision and the histological appearance of capsular tissue 
taken at revision surgery. The appearance of the peri-pros-
thetic tissues at revision was graded as follows: 0, no soft-tis-
sue necrosis; 1, small localised areas of tissue necrosis; 2, 
widespread tissue necrosis, stability of the implant not obvi-
ously compromised and 3, widespread tissue necrosis with 
compromised stability of the implant. 
Serum metal ion analysis. Blood samples for Cr and Co 
analysis were taken more than 12 months post-operatively 
to avoid the confounding effects of the running-in period.26 
The methods of sampling and ion analysis at both centres 
have been described previously.20,27 
Histopathological examination of tissues from revision pro-
cedures at centre 1. The processing of tissue specimens has 
also been described previously.17 In our experience, the vast 
majority of tissues retrieved from ARMD patients exhibit 
two dominant, and often co-existent, cellular responses: his-
tiocytic and lymphocytic. For the purpose of this paper, tis-
sues were described as having a dominant 'histiocytic' 
response if there was a band of histiocytes > 1.5 mm in width 
or a dominant lymphocytic (ALVAL) response if there were 
multiple perivascular lymphocytic cuffs > 1.5 mm in size. 
Metal particulate load in the tissues was graded using a scale 
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Fig. 1 
Box plot showing all measured acetabu lar com ponent orientations in the 
study (black plots) with adverse reaction to metal debris (ARM D) failure 
components represented by •. Each surgeon in the study achieved zone 
1 placement in < 30% of cases. This is the reason fo r quoting figures for 
an 'expanding safe zone' (zones 2 and 3 incorporate each other) in order 
to represent zones more representative of clinical practice. Design B 
patients with femoral sizes S 42 mm placed outside of safe zone 1 have a 
3.4% risk of ARMD, reinforcing the idea that failure is strongly related to 
size as well as design. Zone 1: 40° to 50° incli nation and 10° to 20° antever-
Sion; zone 2: 35° to 55° and 5° to 25°; zone 3: 30° to 60° and 0° to 30°; zone 
4: > 60° and < 30°; zone 5: < 60° and> 30°; zone 6: > 60° and> 30°. 
simi lar to Mirra's classification28 in order to allow correla-
tion with the rate of volumetric wear. We used a more repro-
ducible grading system derived from the assessment of ti ssue 
iron in liver biopsies. It is based upon the ease of identifica-
tion of particles and the magnification power used to identify 
them: 0, granules absent or barely discernable at x 400; 1, 
easi ly confirmed at x 400, barely discernable at x 250; 2, dis-
crete granules resolved a t x 100; 3, discrete granules resolved 
at x 25; 4, masses visible to the naked eye. 
The average diameter of the lymphocytic cuff, the width 
of the histiocytic band and the integrity of the surface mem-
brane were recorded for each patient and correlated to the 
rate of vo lumetric wear.1 7 
Explant analysis. The wear of a ll avai lab le femoral and 
acetabu lar explants from centres 1 and 3 was measured by a 
co-ordinate measuring machine using a scanning head 
(Legex 322; Mitutoyo, Halifax, United Kingdom) with a 
Spatia l resolution of < 1 flm in the area of measurement. Vol-
Umetric wear was calculated using a validated method.29 
Volumetric wear rates were correlated with serum metal ion 
results using Spearman rank univariate ana lysis. 
SurVival analysis. A Cox proportional hazards model was 
constructed using surgeon a nd implant design as qualitative 
variables a nd bearing diameter as a quantitative variab le. 
Civen the numbers involved in the study, a p-value of 
<: 0.01 was considered to be statistically significant. 
VOL. 93· B, No. 2, FEBRUARY 20 11 
Table V. Results of Cox proportional hazards model 
Hazard ratio Significance 
Design 
A 42.887 P < 0.001 
B 4.354 P = 0.048 
C NA' 
Surgeon 
1 1.860 P = 0.314 
2 2.377 P = 0.232 
3 NA 
Bearing diameter 0.907 p = 0.002 
* NA, not avai lable 
Results 
At the time of writing, there were 60 failures related to 
ARMD. The incidence of ARMD by centre was as follows. 
Centre 1. There was a clear difference in the failure rates 
between the design A a nd B patient groups. At a mean 
follow-up of 65 months (59 to 87), one design B patient 
had been revised . This was in contras t to the design A 
group, in which 24 hips had been revised and three more 
were awaiting revision, a mounting to a failure rate of 6.3 % 
at a mean follow-up of 37 months (10 to 67). 
Centre 2. Two patients wi th unilateral design A resurfacings 
had undergone revision, amounting to a rate of revision of 
3.4% at a mean follow-up of 31 months (11 to 58). The 
failure rate secondary to ARMD was 1.2 % (23 cases) in the 
design B group, at a mean follow-up of 68 months (10 to 
142) and 0.42% (two cases) in the design C group at a 
mean follow-up of 37 months (10 to 82). 
Centre 3. Only design B was used here, and three patients 
had been revised. This amounted to a failure rate of 0.45 % 
at a mean follow-up of 65 months (10 to 130). 
Survival analysis. Cox proportional hazards model showed 
that patients receiving design A implants were at a signifi-
cantly grea ter risk of ARMD failure than patients with 
designs Band C. Smaller implants were a t greater risk of 
early failure but the surgeon performing the procedure did 
not significantl y affect surviva l (Table V). 
The most common presenting symptom was pain, 
located predominantly in the groin and occasiona ll y radiat-
ing to the grea ter trochanter and down the thigh, and fre-
quently associated with clicking and clunking sensations. 
One hip was asymptomatic but as the patient had experi-
enced a severe ARMD with an ASR (DePuy) total hip 
replacement on one side she asked for the contralateral 
ASR to be revised. At revision, there were variable degrees 
and combinations of soft-tissue necrosis, joint effusions in 
30, macroscopic metallosis in 18, component loosening in 
eight and masses in 17. In some cases the effusion was mas-
sive (> 200 ml) and had extended through the abductor 
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Table VI. Comparison of size, component orientations and metal ion levels between the 
asymptomatic and adverse reaction to metal debris (ARMD) cohorts. Median (range) values 
are given with Mann-Whitney U test for non-parametric data used to establish significance of 
results 
ARMD Asymptomatic p-value 
Femoral size 46.00 (38 to 57) 50.00 (38 to 62) < 0.001 
Component inclination (0) 50.95 (31 to 70) 49.05 (23 to 78) 0.110 
Component anteversion (0) 25.00 (-9 to 44) 16.28 (-9 to 42) < 0.001 
Serum Cr (llg/L) 26.05 (1.6 to 146) 2.9 (0.5 to 110) < 0.001 
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Fig. 2 
Graph Showing failure rates for each device, with patients split into 
~roups by femoral component size. All patients in the study are 
~~CIUded, although the design group A patients with femoral size of 
mm are removed for graphical representation. There were two ~tlent.s in this group, with one failure, amounting to a 50% failure rate. 
, design A patients; . , design B patients; 6, design C patients. 
~USculature. The asymptomatic patient described above 
~d severe soft-ti ssue destruction. Four patients presented 
;It~ painless swellings in the latera l thigh and groin (two 
eSlgn B, two design A), one associated with femoral 
nerve symptoms_ Revision surgery in these cases revealed 
PSoas bursae containing caseous materiaL At centre 1, five 
~ale patients with design A implants were found to have 
I~creased levels of Cr and Co on routine screen ing. As 
~. ey Were asymptomatic they were simply observed. All 
lYe patients became symptomatic. Fractures of the fem-
ora l neck in associa tion with gross macroscopic metallosis 
were found at revision. A psoas mass was also identified in 
o.ne of these cases. Soft-tissue destruction was not exten-SlY . 
I e In these cases. Patients who were found to have a 
arge effusion at revision surgery were revised significantly 
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Fig . 3 
Box plot showing metal ion data for all implant designs. The inferior, 
middle and superior horizontal lines of the boxes represent the first 
quartile, median and third quartile. The ends of the whiskers correspond 
to the limits of the data, beyond which values are considered anoma-
lous. The mean is displayed with a +, outliers with a 0, extreme outliers 
with a * and upper and upper and lower values with e . 
(median time to revIsIon (effusion) 21 months versus 
52 months (masses), p < 0.001). 
Table VI shows the significant differences in bearing 
size, acetabular component orientation and metal ion lev-
els between the asymptomatic a nd ARMD cohorts. There 
was a clear trend towards increased risk of failure with 
decreasing size of femoral component in the three centres 
(Fig. 2). Figure 1 shows the relationship between the angle 
of inclination a nd anteversion of the acetabular compo-
nent and failure_ In two ARMD acetabular components 
we found they were in the safe zone for metal ion reduc-
tion (45° ± 5° inclination and 15° ± 5° for anteversion) ,25 
An overview of the metal ion results for each implant 
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group can be seen in Figure 3. Median levels of Cr and Co 
in ARMD patients (n = 37 with pre-revision ion levels) 
were significantly higher than in the asymptomatic 
cohort, with the median Co concentration x 20 greater in 
the failed group. The two patients described above, with 
acetabular components in the safe zone, did have ion lev-
els comparable with the asymptomatic cohort (Co levels 
of 2.1 !lg/I and 1.9 !lg/I). Histology of the tissue specimens 
showed no macroscopic metallosis but a dominant 
ALVAL reaction. Both of these patients had grade 2 soft-
tissue destruction at revision surgery. 
Total rates of volumetric wear correlated well with serum 
Cr (r = 0.847, p < 0.001) and Co levels (r = 0.732, P < 0.001) 
and with particulate tissue load (r = 0.60, p < 0.001), but not 
with perivascular lymphocytic cuff thickness, histiocyte band 
Width, surface membrane necrosis or macroscopic tissue 
necrosis at revision surgery. A relationship was identified 
between lymphocytic cuff diameter and surface membrane 
necrosis (r = 0.55, p = 0.011). 
Discussion 
This paper represents the largest collection of clinical and 
biochemical results from hip resurfacing patients in the cur-
rent literature. We believe that the three-centre nature of 
the study, the experience of the surgeons involved and the 
use of three resurfacing designs provides a fair representa-
tion of the performance of modern hip resurfacing in the 
wider orthopaedic community. 
Currently there is increasing concern over the potential 
adverse effects of metal debris. It remains to be shown 
whether these adverse reactions are dose-dependent and 
whether they are mediated primarily by an immune 
response to, or a direct toxic effect of the meta l debris. 
Reported rates of ALVAL,2I pseudotumours9 and 
meta llosisI 2 vary throughout the literature. There appears 
to be no consensus as to the boundaries between the 
described conditions. Liu et a l9 define pseudotumour as "a 
soft-tissue mass associa ted with the implant which is 
neither malignant nor infective in nature". It is not clear 
whether this term includes joint effusion . ALVAL is a 
histological diagnosis21 which has also been used to 
describe the clinical appearance of tissue necrosis and 
abnormal joint fluid at revision surgery.30 Metallosis is 
defined as aseptic fibrosis, local necrosis, or loosening of a 
device secondary to metallic corrosion and release of wear 
debris.3l ,32 At centre 1, metallic debris was identified, at 
least on a microscopic scale, in every tissue sample 
removed from ARMD joints. This is consistent with pre-
vious reports.33 In a number of tissue specimens, marked 
lymphocytic infiltration (ALVAL) was observed, co-
existent with abundant particulate-laden histiocytes. The 
pathogenesis of these cellular processes is beyond the 
SCOpe of this paper, hence our reason to use the umbrella 
term ARMD in order to determine the overall incidence of 
unsatisfactory clinical outcomes attributed to wear from 
MoM bearing surfaces. 
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Fig .4 
Kaplan Meier survival chart for the three implants (adverse reaction to 
metal debris failures only) . Design A in red (87.2% survival at five years). 
design B in blue (99.1 % at five years). and design C (99.6% survival at 
five years) in black. Dotted lines represent 95% confidence intervals. 
In a smaller, single surgeon, single-site study, we pre-
viously highlighted clear differences in the release of metal 
ions between two resurfacing devices (designs A and B in 
the present study) .1 6 De Smet et al27 demonstrated that 
serum metal ion concentrations correlate well with wear of 
retrieved femoral components. By using Cr and Co analysis 
as a surrogate indicator of wear, we therefore concluded 
that increased wear was associated with an increased prob-
abi lity of early failure. These results have been substanti-
ated here. In this series, design A has the highest rate of 
failure secondary to ARMD (Fig. 4). It is also the most vul-
nerable to the effects of variation in acetabular component 
position in terms of ion generation. Design B is associated 
with a smaller range of Cr and Co va lues than design A and 
this is reflected in the lower failure rates secondary to 
ARMD. Patients receiving design C have the lowest serum 
ion levels and also the lowest failure rates secondary to 
ARMD. An obvious confounding factor here, however, is 
that the design C patients have a shorter mean follow-up 
than those with design B resurfacings. The Cox propor-
. tional hazards model should account for this factor in our 
analysis; however, we interpret these results with caution. 
The proportional hazards model we used will not account 
for unknown specific design features which may have an 
unexpected effect once a certain period of time has elapsed. 
There is overwhelming evidence to show that surgeons 
cannot consistently position the acetabular components 
precisely. Without exception, studies show wide variations 
in the angles of inclination of the acetabular component 
and, to an even greater extent, its anteversion (Fig. 5).34 
Surgeons must accept that some variables may be beyond 
their control, for example changes in pelvic til25 during 
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Fig. 5 
~ox plot showing acetabu lar component o rientations of the surgeons in 
t IS study. The inferior, middle and superior horizontal lines of the 
boxes represent the f irst quartile, median and th ird quart iles. The ends 
of the whiskers correspond to the limits of the data, beyond which val -
ues are considered anomalous. The mean is displayed by +. 
pre-operative positioning, intra-operative pelvic rotation36 
and patient size. Consequently they should choose implants 
which a re compatible with the inevitable va ri ability of 
acetabular component orientation. 
While the three resurfacing systems have differences of 
~esign including varying clea rances, heat treatment or no 
eat treatment of both the femoral and acetabular compo-
nents, we believe that the des ign feature most likely to 
eXplain the di sparity in performance is the arc of aceta b-
Ular cover. The acetabular component of design C has a 
~Illall.er arc of cover tha n the other devices (Table I). 
. esplte this decreased cover, the ra nge of motion prior to 
Illlpingement is not compromised firstly, due to the 
recessed nature of the articular surface and also due to the 
s~aller functional angle of the femoral component rela-
tive to the other two designs. These features increase the 
VUlnerability of the device to the two mecha ni sms which 
apPear to be critical in the acceleration of wear rates: 
edge-loading a nd microsepa ration/su bluxa tion. 37-39 The 
S ~alle r arc of the cover, i.e. the more sha llow the aceta b-
U ar component, the greater is the tendency to rim-loading 
at equivalent a ngles of inclination a nd anteversion, when 
Illatched for size. 
d there are likely to be important factors other than those 
eScribed above. Two design A devices were found to have 
;~dial clea ra nces of < 60 Ilm, meaning that any distortion of 
ta~ ace.ta ~ula r components ~n viv~40 ~ay be very detrimen-
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Fig . 6 
Li ne g raph showing acetabular component placement zones as 
described in Figure 2. This chart shows the incidence of adverse reaction 
to metal debris (ARM D) for each design with relation to acetabular com-
po nent orientation. 
T he relationship between the amount of wear debris and 
the extent of tissue destruction is not straightforward. 
Using serum ion levels as a surroga te measure, our results 
suggest that, when exposed to low levels of wear, most 
pati ents with a resurfaced hip do extremely wel1. 41 Whether 
or not there is a causal relationship, patients exposed to 
more debris are more likely to have complications. In this 
series, the patients with extremely high levels of metal ions/ 
wear from the bearing surfaces did not, however, present 
exclusively with worsening pa in, but with other symptoms 
including delayed fracture of the femoral neck and/or 
masses. At revision surgery, macroscopic meta llosis was the 
dominant feature. This was in contrast to the striking 
appearance of joint fluid and ti ssue necrosis, which was 
seen in pa tients with moderately increased wear/meta l ion 
levels. Neither volumetric wear rates nor joint/serum ion 
concentrations correlated with microscopic necrosis or the 
extent of tissue destruction observed at revision surgery. 
The relationship between the thickness of perivascular lym-
phocytic cuffs and surface layer necrosis suggests that tissue 
destruction is not a result of toxic concentrations of metal 
debris, but is more likely to be the result of a n immune 
response provoked by the debris.42 Patients found to have 
pseudotumours were revised at a significantly longer period 
from primary surgery than those with no masses. We spec-
ulate that pseudotumours are part of the same pathological 
spectrum of disease which causes joint effusions and tissue 
death, but is a more advance stage of the disease process. 
Metallic debris produced by different devices may have dif-
ferent sizes and shapes43 and wear particles produced by 
design A cou ld conceivably have greater immunogenicity. 
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The central message, however, is that in the short- to mid-
term at least, the vast majority of patients with MoM resur-
faced hips will not experience severe soft-tissue reactions 
when exposed to the levels of wear associated with well-
functioning bearing surfaces. 
We conclude that increased wear from MoM hip resurfac-
ings is associated with an increased probability of adverse 
clinical outcomes. These adverse outcomes include severe 
destruction of soft tissues and bony necrosis. It is likely that 
a provoked immune response is primarily responsible for the 
observed soft-tissue destruction, but in most patients high 
levels of wear are needed to instigate this negative cascade of 
events. We estimate that < 1 % of patients develop reactions 
to normally wearing-bearing surfaces. 
Supplementary material 
M A table showing the explant analysis and dominant 
~ cellular response of failed devices from centres 1 and 
3 is available with the electronic version of this a rticle on 
OUr website at www.jbjs.org.uk 
listen live 
~ Listen to the a bstract of this a rticle a t 
www.jbjs.org.uklinteractive/audio 
No benefits in any form have been received or will be received from a commer· 
cia l party related directly or indirectly to the subject of this art icle. 
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Adverse reactions to metal debris: histopathological 
features of periprosthetic soft tissue reactions seen 
in association with failed metal on metal 
hip arthroplasties 
Sonali Natu,l Raghavendra Prasad Sidaginamale, 2 Jamshid Gandhi,2 David J Langton,2 
Antoni V F Nargol2 
ABSTRACT 
Aim To describe the histopathology of loca lised adverse 
reactions to meta l debris (ARMD) seen in association 
with failed metal on metal (MoM) hip arthroplasties. The 
nature of aseptic lymphocytic vasculitis associated lesion 
(ALVAL) is investigated. 
Methods Periprosthetic soft tissues biopsied at time of 
revision from failed MoM hip arthroplasties from January 
2007 to March 2011 were analysed. The inflammatory cell 
response was categorised into perivascular lymphocytic 
cuffing (ALVAL), lymphoid aggregate formation with or 
without germinal centres, metallosis characterised by 
sheets of macrophages wi th intracytoplasmic metallic 
debris and well-defined granulomas. 
Results 123 patient samples were analysed, 36 males 
(29.2%) and 87 females (70.8%). Three cases showing 
complete tissue necrosis were excluded. Patients were 
reviewed between 3.27 to 69.6 months postarthroplasty, 
with an average of 30.92 months. 103 cases (85.8%) 
showed ALVAL, 18 cases also showed well-defined 
granulomas. Of the 103 cases with ALVAL, 60 cases also 
showed a diffuse chronic lymphocytic synovitis, and 40 
cases showed lymphoid aggregates with germinal centres. 
17 cases (14.2%) showed pure metallosis. Small vessels 
showing ALVAL expressed peripheral node addressin. 
Conclusions ARMD is a spectrum of changes 
comprising of pure meta llosis, ALVAL and granulomatous 
inflammation. ALVAL, a distinctive inflammatory 
response seen in ARMD, is a precursor of lymphoid 
neogenesis. Lymphoid neogenesis documented in 
a variety of chronic inflammatory conditions most 
probably contributes to tissue necrosis and prosthetic 
failure seen in MoM hip arthroplasties. The role of 
vascular changes in contributing to necrosis is unclear at 
this stage. 
INTRODUCTION 
Metal on metal total hip arthroplasties were used 
in the 1960s and 1970s. Modern hip resurfacing 
became a popular procedure in the late 1990s.!- 4 It 
was introduced in younger patients as only the 
degenerate cartilage was removed along with very 
little bone, bone stock was preserved and hip 
replacement could be used in the futu re, in the 
event of failure l - 4 Over the years, metal hip 
articulations gained popularity and were preferred 
over polyethylene devices, in cases where osteol-
ysis and aseptic loosening of the prosthesis were 
a concern. A variety of resurfacing devices are 
present in the market , w hich consis t of ceramic or 
metal together or on their own l - 4 Metal on metal 
(where the acetabular cup and femoral head are 
resurfaced with metal) is a popular option and the 
National Insti tute for Health and Clinical Excel-
lence f uidelines (UK) for its use were published in 
2002. The metal used is usually an alloy of cobal t 
and chromium. When the triad of patient charac-
teristics, type of device and surgical technique are 
optimised, the chances of failure of the device are 
minimised.! On implanting metal on metal 
devices, there is a usual run in period of ap proxi-
mately 6- 12 months w hen blood concentrations 
of cobalt/ chromium rise due to wear, and reach 
a steady state thereafter.! There is a simultaneous 
rise in local tissue levels of metal ions. Failure of 
metal on metal hip devices is usually associated 
with raised tissue levels and blood levels of 
metal ions. The Medicines and Healthcare prod-
ucts Regulatory Agency, UK, has issued a warning 
for all metal on metal hip implants . This involves 
monitoring of blood metal ion levels and 
looking for symptoms of pain and large hip joint 
effusions.6 
Willert et al introduced the concept of aseptic 
lymphocytic vasculi tis associated lesion (ALVAL) 
in 2005.7 A lymphocyte dominated immunological 
response within the periprosthetic tissues from 
metal on metal hip articulations obtained at 
the time of revision was described. The inflam-
matory response comprised a diffuse and peri-
vascular chronic lymphocytic infiltrate with 
development of high endothelial venules (HEVs) . 
Davies et al further detailed this unusual peri-
vascular lymphocytic inflammation within the 
synoviumB It was considered to be unusual 
because the usual response seen in polyethylene 
devices consisting of a macrophagic response with 
engulfed polyethylene debris leading to osteolysis 
was not seen. A semiquantitative analysis of the 
chronic inflammation was performed in various 
hip prostheses including metal on metal and metal 
on polyethylene. The perivascular lymphocytic 
cuffing was typically seen within the deeper 
subsynovium in metal on metal articulations. 
Both studies noted surface necrosis and metal 
debris, but did not clearly state the significance of 
the perivascular lmphocytic cuffing with regard to 
vascular damage. Subsequently, there have been 
articles describing the adverse reactions clinically 
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as pseudotumours, which are cystic/solid masses developing 
in relation to fai led metal prostheses9 -1 2 These studies noted 
the presence of ALVAL or perivascular lymphocytic cuffing, but 
did not elaborate any further on w hether there was lympho-
cyte mediated vascular damage, that is, fibrinoid necrosis, 
onion skinning, hyalinisation and/or vascular occlusion. 
Evans et al in 1974 noted vascular obliterative changes in the 
form of fibrous intimal proliferation and fibrinoid necrosis in 
the periprosthetic tissues and concluded the vascular changes 
caused tissue and bone necrosis. Similar vascular changes were 
also seen by Brown et ai, Jones et al and Winter et al. 13- 16 
Bowever, Brown et al could not conclude that the vascular wall 
changes seen led to the necrosis as such changes were 
commonly seen in the synovium affected by a chronic disease 
process. 
Lymphoid neogenesis, also known as formation of tertiary 
lymphoid organs, has been described in various chronic 
Inflammatory conditions including Helicobacter-induced active 
chronic gastritis, autoimmune diseases, neoplasia and graft 
rejection. 17 18 The reorganisation of a chronic inflammatory cell 
response into lymphoid aggregates and follicles with germinal 
centres has been the subjec t of grea t interes t . This is a dynamic 
process in which lymphocytic infil trate evolves into lymphoid 
aggregates with germinal centres.19 Development of HEVs and 
dendritic cell networks play an important role in lymphoid 
neogenesis18 In the face of a sustained immune response to 
a persistent antigen, the local tissue chronic inflammatory cell 
response is organised into tertiary lymphoid organs w ith 
ectopic germinal centres, capable of locally generating B cells 
and T cells. Anatomically, tertiary lymphoid organs are similar 
~o secondary lymphoid organs also known as lymph nodes2o- 22 
Yrnphoid neogenesis while optimising the local immune 
;esponse causes considerable tissue destruction and loss of 
Unction18 There has been a vast amount of interest in its 
rathophySiology in the hope that it could be a potential target 
Or treatment of chronic inflammatory conditions. Within the 
sYnovium, lymphoid neogenesis has been documented in 
Inflammatory arthropathies but more significantly in rheuma-
tOid arthritis (RA)19 23 24 
In this article, we will describe the histopathology seen in 
~OCiation with metal on metal hip arthroplasties including 
VAt, lymphoid neogenesis, granulomatous inflammation and 
rnetallosis. The pathology has been described by a generic all 
~~compassing term, adverse reactions to metal debris (ARMD). 
. e histopathology is briefly compared with other common 
Inflammatory arthropathies. 
~ATERIALS AND METHODS 
iltients 
~ a routine procedure, all patients considered for revision of 
thetal prostheses undergo a preoperative protocol, according to 
g e Medicines and Healthcare products Regulatory Agency, UK, 
II Uldance. This includes the measurement of Harris hip scores, 
s Pdated pelvic radiographs, blood metal ion testing, ultrasound 
scan Or aspiration of the hip joint effusion. During revision 
I lIrgery, intraoperative macroscopic appearances were meticu-
;lI~ly recorded by the senior surgeon, and tissue samples from 
I,e.rtprosthetic soft tissue were sent to his topathology for anal-
TSIS T 
si . ISSue samples were provided from between two and four 
attes Su rrounding the metal on metal implant. There was no 
caternpt made to distinguish if the tissue was sent from the hip 
in~sUle, acetabulum or bursa. No femoral or bony tissue was 
c uded in this study. Up to 10 paraffin blocks/ cassettes were 
processed per site, to avoid sampling error due to necrosis and to 
ensure the viable tissue was well represented. Tissue samples 
were sent to microbiology to rule out sepsis . All ex plants 
underwent wear analysis using the coordinate measuring 
machine at an independent centre. In this study, we have 
included all the samples received from January 2007 to March 
2011. 
Histology 
Routine H&E stained slides were examined by a histopatholo-
gist independently of the clinical findings. Up to six tissue levels 
were examined where a chronic lymphocytic infiltrate was 
noted within and around large blood vessels (a larger vessel is 
defined as any vessel larger than an arteriole or venule) . 
T lymphocyte markers used were CD4, CDS and CD43 (SP35, 
SP57, L60 Ventana, Roche. Prediluted), and B lymphocyte 
markers used were CD 20 (L26 Ventana, Roche. Prediluted) . 
HEVs were stained with MECA-79, also known as peripheral 
node addressin (PNAd) (Novus Biologicals, Littleton USA 
Dilution, 10 ~lg/ml). 
The surface tissue necrosis was typed according to Davies et alB 
Type 1 surfaces showed intact synovial surface epithelium. In 
Type 2 surfaces there was a loss of the synoviocyte layer without 
fibrin deposition. Type 3 surfaces were associated w ith fibrin 
deposition, and in Type 4 surfaces, there was extensive necrosis 
with loss of architecture. The extent of Type 4 surface necrosis 
was used to grade the overall tissue necrosis within a given 
sample. In Grade 4 necrosis, more than 75% of the tissue sample 
showed Type 4 necrosis. In Grade 3 necrosis, between 25% 
and 75% showed Type 4 necrosis. Necrosis was considered to be 
Grade 2 when either less than 25% of the tissue showed Type 4 
necrosis or the tissue showed Type 3 surface. Grade 1 necrosis 
consisted of Type 2 surface. 
The inflammatory response 
On H&E stained sections, the chronic lymphocytic infiltrate 
present was categorised into: (a) diffuse synovitis, (b) lymp-
hoid aggregate synovitis and (c) germinal centre containing 
synovitis. 
Diffuse synovitis was defined as a chronic lymphocytic infil-
trate not organised into follicles or aggregates. Lymphoid 
aggregates were defined as perivascular collections of lympho-
cytes. The blood vessels in the centre of the aggregates were 
similar to HEVs seen within lymph nodes. Lymphoid aggregates 
contained two or more such vessels. Lymphocytic cuff thickness 
was measured using a graticule (eyepiece micrometre disc 
21 mm Nikon Eclipse SOi). The radial thickness was measured 
from a centre within a cuff along the longest axis of the cuff. An 
average of approximately 10 cuffs was taken. Lymphocytic cuff 
thickness was graded 1-4. Grade 1 cuffs were <0.25 mm, Grade 
2 were from 0.25 to 0.5 mm, Grade 3 were from 0.5 to 0.75 mm 
and Grade 4 were > 0.75 mm. Lymphoid aggregates with 
germinal centres consisting of immature lymphoblasts, with or 
without plasma cells, were classified as germinal centre 
containing synovitis. T cell and B cell lymphocytic markers 
showed organisation into T cell and B cell areas. The presence of 
lymphoid aggregates within skeletal muscle if present was 
noted. 
Vascular changes within blood vessels surrounded by the lymphoid 
infiltrate 
Vascular changes such as hyalinisation and onion skinning due 
to pericyte proliferation were noted . Hyalinisation extending 
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into the surrounding extracellular tissues was stained with 
Periodic acid Schiff (PAS) and Congo red . 
Other features 
Granulomatous inflammation whether organised into well-
defined granulomas or sheets of histiocytes containing metallic 
debris was noted. The thickness of the sheets of histiocytes 
present was measured with the graticule. Grade 1 was < 1 mm 
thick Grade 2 between 1 and 2 mm and Grade 3 > 2 mm. Metal parti~l e load w ithin the macrophages was assessed by the 
I d · I' b' . 25 26 method used to assess tissue iron over oa In lver lOpSles 
(table 1). 
Energy dispersive x-ray spectrometry (EDX) was used to 
confirm the presence of metal particles and the components on 
deparaffinised tissue. The microscope used was environmental 
SCanning electron microscope field emission gun (FEI XL30 
ESEM-FEG) . The samples were coa ted with carbon in order to 
make them electrically conducting. High vacuum was used to 
look at the samples for both imaging and analysis. 
RESULTS 
There were 123 patient samples in total; three of these showed 
cornplete tissue necrosis with no viable tissue for assessment and 
Were excluded from the study. There were 36 males and 87 
females, with an age range from 32 to 82 years. There were 87 
(70.7%) patients who were under the age of 65 years. Indications 
for the arthroplasty were primary, secondary osteoarthritis and 
COngenital hip dysplasia. None of these patients had RA. The 
Patients were reviewed from between 3.27 and 69.6 months 
With an average of 30.92 months. Intraoperatively, there was 
variable amount of fluid collection within the periprosthetic 
tiSSue with foci of metallic tingeing. Necrotic tissue was often 
cheesy in appearance. Grossly, the non-necrotic tissue showed 
areas of metallic tingeing. The tissue was thickened, fibrotic and 
partly necrotic. With large fluid collections, the tissue had the 
appearance of a thinned ou t cyst wall. Rarely, there were 
Preserved synovial villi. None of the cases showed features of 
sepsis on histology and microbiology. EDX was used on two 
cases, which confirmed the presence of cobalt and chromium. 
The type of metal on metal implants used is shown in table 2. 
lYpically, all cases showed varying grades of surface necrosis 
With complete loss of surface synoviocytes and architecture 
(figure lA-H). The pathology seen is summarised in tables 3 
and 4. The surface synovium was not intact in any of our cases, 
and there was no synoviocyte hyperplasia or villous hyperplasia. ~Ultinucleated synoviocytes were not seen. Ghost outlines of 
neCrotic synovial villi could be seen. Beneath the necrosis, 
aggregates and sheets of histiocytes containing fine black 
I!l.etallic debris were present. Often the histiocytes were 
~ranged in aggregates adjacent to small blood vessels. The 
StlOcytes had slate grey discolouration. In two cases, the 
hiStiocytes had a xanthomatous appearance. The metal particles 
Table 1 Assessment of metal particle load within the 
!!!.acrophages 
Ease of observation and magnification 






Granules absent or barely discernable X400 
Barely discernable X250. easily confirmed x 400 
Discrete granules resolved x 100 
Discrete granules resolved x 25 
Masses visible x l 0, naked eye 
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Table 2 Distribution of the type of metal implants 
Implant type Resurfacing, n = 69 Stemmed, n = 54 
36 MOM 0 31 
Adept 0 
ASR 59 0 
ASR XL 0 21 
BHR 8 0 
BHR Hybrid 0 
Conserve 0 
were either needle shaped (figure 2A) or dot-like (figure 2B). 
Foreign body giant cells with larger metal debris were inter-
spersed. In 17 cases, there was a pure metallosis type reaction 
w ithout lymphocytic infiltration (figure 2C). Well defined naked 
sarcoid-like granulomas were seen in 18 cases (figure 2D) in 
addition to the chronic lymphocytic infiltrate. The majority of 
the granulomas consisted of pallisading epithelioid histiocytes, 
and multinucleated giant cells when present were of Touton 
type. Occasionally, necrotic bony fragments or calcific debris 
could be seen beneath the areas of necrosis. The deeper tissues 
showed the characteristic perivascular lymphocytic cuffing (103 
cases) (figure 3A) with or without germinal centres. Germinal 
centres were seen in 40 cases. The germinal centres had a paler 
centre with immunoblasts with occasional plasma cells (figure 
3B). In places with florid lymphoid aggregate formation with 
germinal centres, the inflammatory response bears a resemblance 
to small lymph nodes but without a capsule or peripheral 
sinuses. Russel bodies were not seen. Plasma cells in small 
numbers were seen in 45 cases with AlVAl. T and B lympho-
cytic markers showed organisation into distinct central B cell 
areas with surrounding T cell areas (figure 3C,D). A background 
of diffuse chronic lymphocytic inflammation was seen in 60 
cases. This lymphocytic infiltrate consisted predominantly of 
admixture of CD4 and CD8 T Iymphocytes with interspersed 
B Iymphocytes, and plasma cells. Plasma cell infiltrate is usually 
mild in comparison with the lymphocytic infiltrate. Eosinophils 
and neutrophil polymorphs were seen in only one case in our 
study. Overall, the inflammatory cell response can be patchily 
distributed and can be of varying intensity in different sections. 
HEVs were seen centrally within the lymphocytic aggregates. 
HEVs showed plump cuboidal endothelium, and Iymphocytes 
could be seen transiting from the lumen (figure 4A,B). The 
vessels were PNAd positive (figure 4C,D), while those vessels 
not surrounded by the infiltrate were PNAd negative. Structural 
changes in the vessel walls could be seen in the form of hyali-
nisation, onion skinning and luminal obliteration (figure 5A-D) 
in 47 cases. The material was PAS positive and Congo red 
negative. Fibrinoid necrosis of the vessel wall was not seen. 
Leucocytoclasis was not seen, but in one case nuclear dust was 
noted (figure 6C). Eosinophils and neutrophil polymorphs were 
seen in small numbers in a predominantly lymphocytic infiltrate 
in this case (figure 6A,B,D). In five cases, vessels larger than the 
calibre of arterioles or venules showed lymphocytic infiltrate in 
the walls. In one case, the lymphocytes were identified to be 
CD8 T Iymphocytes. The infiltrate was segmental and cut out 
in further levels (figure 7A-D) . 
DISCUSSION 
The spectrum of changes seen in ARMD is distinctive. The 
conglomerate of surface necrosis, with macrophagic response 
containing fine metallic debris, sometimes forming granulomas, 
along with an evolving AlVAl / perivascular lymphocytic 
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Figure 1 (A-D, E-H) These 
photomicrographs (magnification 
X l00) show surface necrosis, beneath 
which are seen sheets and aggregates 
of histiocytes containing metallic debris. 
Aseptic lymphocytic vasculitis 
associated lesion response is seen in 
the deeper tissues, for example, 
adipose tissue (G) and skeletal muscle 
(H). 
infiltrate with or without germinal centres combined with 
~ history of metal on metal implants is diagnostic of ARMD. 
he surface necrosis is variable and extensive. When there is 
;Uurnal necrosis and the ALVAL response is not well developed, 
~d because the synovium shows a limited repertoire of chronic d . ~arnmatory response, the tissue response in ARMD may be 
i I ficult to distinguish from other more common chronic 
()Ilflarnrnatory arthropathies . Lymphoid aggregate synovitis with 
a t 'Without germinal centres is seen in chronic inflammatory 
c tthritides including osteoarthritis, psoriatic arthritis and more 
a()~rnonly in RA. The majority of rheumatoid synovia show 
diffuse chronic synovitis-like picture. A third of the rheuma-
toid patients show follicular synovitis with or without germinal 
centre formation .24 There is no associated surface necrosis, and 
synovial villous hyperplasia with synoviocyte proliferation is 
typically seen?7 Synovial multinucleated giant cells are seen on 
the surface, with the underlying tissue showing variable chronic 
inflammation. Plasma cells with Russel bodies are commonly 
seen. The inflammation in psoriatic arthritis does not vary 
significantly from RA, and the synovial inflammation seen in 
osteoarthritis is of a milder degree and intensity as compared 
with RA28 What distinguishes ARMD seen in metal on metal 
tissues from others is the feature of extensive but variable 
surface necrosis. The inflammation is less often diffuse and is 
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Table 3 Spectrum of changes in ARMD seen in this study 
Stemmed hip Resurfacing hip 
arthroplasty (54) arthroplasty (69) Total (123) 
Gender 
Male 16 20 36 
Female 38 49 87 
Necrosis 
Grade 1 02 07 9 (7.3%) 
Grade 2 19 21 40 (32.5%) 
Grade 3 06 15 21 (17.1 %) 
Grade 4 27 26 53 (43.1%) 
Histiocytes sheets 
< lmm 23 12 35 (29.2%) 
1- 2mm 15 24 39 (32.5%) 
> 2 mm 10 27 37 (30.8%) 
Absent 04 05 09 (7.5%) 
Granuloma 
Absent 37 65 102 (85%) 
Present 15 03 18 (15%) 
Particle load 
0+ 10 07 17 (14.2%) 
1+ 11 18 29 (24.2%) 
2+ 22 25 47 (39.2%) 
3+ 05 14 19 (15.8%) 
4+ 04 04 8 (6.6%) 
Diffuse synovitis 
Absent 23 37 60 (50%) 
Present 29 
Plasma cells 
31 60 (50%) 
Absent 33 42 75 (62.5%) 
Present 19 26 45 (37.5%) 
LYmphoid aggregates 
Absent 07 10 17 (14.2%) 
Present 45 58 103 (85.8%) 
Germinal centre 
Absent 32 48 80 (66.7%) 
Present 20 
LYmphocyte cuff thickness 
20 40 (33.3%) 
<::0.25 mm 25 34 59 (49.2%) 
0.25- 0.5 mm 14 13 27 (22.5%) 
0.5- 0.75 mm 03 05 8 (6.7%) 
>0.75 mm 03 06 9 (7.5%) 
Absent 07 10 17 (14.1%) 
ALVAL in skeletal muscle 
Absent 46 58 104 (86.7%) 
Present 06 10 16 (13.3%) 
VaScUlar wall changes 
Absent 33 40 73 (60.8%) 
Present 20 27 47 (39.2%) 
--:L~AL, aseptic lymphocytic vasculitis associated lesion; ARMD, adverse reactions to metal ens. 
ItlOre commonly organised into either lymphoid aggregates with 
~~ Without germinal centres. Russel bodies are not seen, and 
were are no multinucleated synoviocytes. None of our cases 
a ere known to have RA; the most common indication for the 
brthroplasty was osteoarthritis. A time zero biopsy would have 
seen ideal to compare and quantify the inflammatory changes 
~en pre-arthroplasty and at the time of revision surgery. This 
a as not done in this study, as failure of the implants was not 
c nt1cipated. How much would a time zero biopsy have 
o~ntributed to the understanding is not known, as the intensity 
if the Inflammation is variable. It does however beg the question 
ar:uch biopsies, and how many, are necessary when new devices 
Implanted. 
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Table 4 Distribution of cases with vascular wall 
changes 
Vascular wall changes 47/120 (39.2%) 
Necrosis 
Grade 1 0/9 
Grade 2 13/40 (32.5%) 
Grade 3 09/21 (42.8%) 
Grade 4 25/53 (47.1%) 
Histiocytes sheets 
< lmm 19/35 (54.2%) 
1-2mm 17/39 (43.5%) 
> 2mm 11/37 (29.7%) 
Granuloma 
Absent 34/102 (33.3%) 
Present 13/18 (72.2%) 
Particle load 
0+ 09/17 (52.9%) 
1+ 11/29 (37.9%) 
2+ 18/47 (38.2%) 
3+ 07/19 (36.8%) 
4+ 02/08 (25%) 
Plasma cells 
Absent 23n5 (30.6%) 
Present 24/45 (53.3%) 
Germinal centre 
Absent 20/80 (25%) 
Present 27/40 (67.5%) 
Lymphocyte cuff thickness 
< 0.25 mm 19/59 (32.2%) 
0.25- 0.5 mm 15/27 (55.5%) 
0.5- 0.75 mm 06/8 (75%) 
> 0.75 mm 07/9 (77.7%) 
ALVAL in skeletal muscle 
Absent 37/104 (35.5%) 
Present 10/16 (62.5%) 
ALVAL, aseptic lymphocytic vasculitis associated lesion. 
Lymphoid neogenesis is a dynamic process in which peri-
vascular lymphocytic cuffs expand and evolve into lymphoid 
aggregates with germinal centres. During this process, there is 
significant tissue remodelling of the inflamed tissues. Blood 
vessels acqu ire the morphological and immune-phenotype of 
HEVs as seen in lymph nodes. HEVs are efficient in homing and 
recruiting lymphocytes by expression of relevant ligands like 
PNAd.19 Follicular dendritic cell network and a fibroblastic 
reticular framework are the essential ingredients for lymphoid 
neogenesis. IS It has been shown that synovial blood vessels 
readily acquire the phenotype of HEVs in RA?9 In all 103 cases 
of this case series, the synovial vessels surrounded by the 
lymphocytes histomorphologically showed tall and plump 
endothelial cells, similar to HEVs in lymph nodes. This was 
noted in all the papers describing ALVAL7 - 12 In our study, 
PNAd positivity was seen in those vessels surrounded by 
lymphocytes, whereas those vessels without the lymphocytic 
cuffing failed to express PNAd. Recently, the morphology of 
HEVs has been described in detail.3o The endothelial cells are tall 
and plump, on Electron Microscopy (EM) have increased mito-
chondria, free ribosomes and well-developed Golgi apparatus, 
suggesting an increased metabolic activity. HEVs are surrounded 
by multiple layers of pericyte-like cells called fibroblastic retic-
ular cells (FRCs) . A narrow space between the endothelial basal 
lamina and the FRC allows the lymphocytes to move easily into 
the extravascular space. The FRCs also produce and lay down 
extracellular matrix components including fibronectin, collagen 
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Figure 2 (A-C) These 
photomicrographs (magnification 
X200) show metallic debris within the 
histiocytes. The debris is either needle 
shaped as seen in A or fine dot-like as in 
B. Larger deposits of metallic debris are 
seen without lymphocytic response in 
C. (D) This photomicrograph 
(magnification X200) shows well-
defined granulomas. Lymphoid 
aggregates can also be seen . 
IV and laminins forming the thick basal lamina of HEVs. 
Blstologically, HEVs show cuboidal plump endothelium, thick 
basal lamina and sheath of pericytes. The hyalinisation and 
onion skinning seen in the smaller vessels in 47/ 103 cases 
showing ALVAL can be explained as part of the process of 
~evelopment of HEVs. The transformation to HEVs appears to 
e progressive, with early development of high endothelial 
tnorphology, followed by laying dow n of thick basal lamina. 
When ALVAL was first described, a T lymphocyte cell medi-
ated immunologic response was proposed, but the authors did 
Figure 3 (A) This photomicrograph ~rnagnification X 200) shows a typical 
~rnphO id aggregate centred on a blood 
; ss.el. The vessel shows Iymphocytes 
v Ithln Its wall and high endothelial 
h en~l~ morphology. There is no 
phahnls~ti on of the wall. (8- 0) These 
>< otomlcrographs (magnification 
Irn 200) show germinal centre formation. 
o rnunohistochemistry showing 
~9anisation into central 8 cell areas (D) 
S Ith surrounding T cell areas (C) is een. 
not elaborate on whether the perivascular l~mphocytic response 
w as causing actual vascular damage/ although vascular 
occlusion and fibrinoid necrosis were noted in earlier studies 
with metal on metal implantsY-16 Evans et a/ noted vascular 
obliterative changes in periprosthetic tissue around the areas of 
necrosis and concluded that necrosis was a direct consequence of 
the vascular changes.13 Brown et a/ argued that vascular oblit-
erative changes were commonly seen in the synovium of chronic 
diseases, and these changes were unlikely to have led to the 
necrosis .14 
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Figure 4 (A- D) These 
photomicrographs (magnification 
>( 200) show development of high 
endothelial venules with plump cuboidal 
endothelium. Lymphocytes can be seen 
transiting from the lumen into the wall. 
Concentric lymphocytic cuffing can be 
appreciated in 8. Occasional plasma 
cells are also seen. (C, D) High 
endothelium highlighted by peripheral 
node addressin (PNAd) immunostain 
(MECA 79). In C, negative expression of 
PNAd in vessels not surrounded by the 
lymphocytic infiltrate is seen. 
When the term vasculitis is used, one expects to see structural 
damage to the involved blood vessels with associated fu nctional 
~hanges . This is easily seen histologically in immunologic 
euCocytoclastic vasculitides . However, cutaneous lymphocytic 
~asculitis is identified by the characteristic perivascular 
Ymphocytic cuffing and changes within the vessel wall are more 
SUbtle. Structural and functional changes within the vessel walls 
are less readily identifiable, and hence there is uncertainty with 
~egard to lymphocytic vasculitis being a true vasculitis. Are the 
Ymphocytes just in transit through the vessel wall or do they 
Figure 5 (A- D) These ~otomicrograPhS (magnification 
v 200) show hyalinisation of the 
in~~sels surrounded by the lymphocytic 
h a~.mati on . Note the laminated (X~h n l sati on particularly prominent in 
Original article 
cause actual damage ? This is an argument that is often discussed 
in various dermatopathology review articles, giving a range of 
definitions that define lymphocytic vasculitis. When lympho-
cytes are seen in the muscular walls of the vessels it is de facto 
evidence of vasculitis. Diapedesis or transit of lymphocytes does 
not occur in arteries or veins.31- 34 
In five cases, we have seen lymphocytes within larger vessel 
walls in the deeper tissues. The lymphocytic inflammation 
present was segmental, and did cut out in further tissue levels. 
In one case, we were able to identify this population to be CD8 
Natu S . 
. Sldaginamale RP. Gandhi J. et al. J Clin Patho/12011) . doi:10.1136/iclinpath-2011 -200398 7 of 10 
Downloaded from jcp.bmj .com on March 16, 2012 - Published by group.bmj .com 
Original article 
Figure 6 (A-D) These 
photomicrographs (magnification 
X200) show lymphocytic infiltrate in 
vessels larger than arterioles or venules. 
There is no fibrinoid necrosis, but 
nuclear dust can be seen in (C). The 
infiltrate is predominantly lymphocytic 
with a few eosinophils seen in A and D. 
Note the lack of perivascular 
lymphocytic cuffing, indicating this may 
be the earliest stage in the immune 
response. 
POSitive T cells. Evidence of vascular wall destruction was seen in 
one case, and a further case showed nuclear dust (figure 6A,B,D). 
In 47 cases, we have seen vascular wall changes in the form of 
hyalinisation, onion skinning and occlusion in the smaller 
vessels. These changes could be seen due to one of two reasons: 
a direct consequence of lymphocyte mediated damage or as 
a result of transformation to HEVs. In our opinion, the sensi-
tised lymphocytes play a pivotal role in causing necrosis. The 
:ascular hyalinisation could be a reactive response secondary to 
Innocent bystander ' damage caused by the transiting sensitised 
Figure 1 (A- D) These 
~otomicrograPhS (magnification 
c 2~O) show evolving lymphocytic 
A ultl.ng around larger blood vessels. 
thga1n note lack of fibrinoid necrosis of 
o e. ves~el walls, although luminal 
v bliteratlon with destruction of the 
lyeSSel wall can be seen in C. In B, the 
e rnPhocytes present in the wall 
Xpressed COB T Iymphocyte markers. 
lymphocytes, the main target of the lymphocytes being the 
metal debris. This could further contribu te to ischaemic pain 
and necrosis. T he vascular changes may not be the only reason 
for the necrosis, as is evident from our study. All 47 cases with 
small vessel wall changes showed variable amounts of necrosis. 
Twenty-five of these showed Grade 4 necrosis. However, the 
remaining 28/ 53 cases that showed Grade 4 necrosis did not 
show any vascular wall changes. Our study, like the earlier 
studies/3- 16 does not demonstrate a clear association between 
the small vessel wall changes and the extent of necrosis. The role 
a of 10 
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of large vessel involvement is not completely understood at this 
stage. 
Local t issue destruction and loss of function are the hallmark 
of chronic inflammation.s5 36 The term metallosis is used to 
describe the condition w here macro phages containing cyto-
plasmic metal debris predominate w ithout an ALVAL type 
chronic lymphocytic response.s7 38 Interestingly, none of these 
13 cases w ith pure metallosis w ithout ALVAL showed well-
defined granulomas. The presence of cobalt and chromium was 
confirmed by EDX. Deparaffinised tissue was used, as unstained 
tissue sections were unsuitable. The metal debris seen was 
similar in all cases, and the high cost of EDX precluded us from 
Using it for all our cases. Distinct sarcoid-like naked granulomas 
Were seen 18 cases, indicating that cell mediated immunity 
(Type IV hypersensitivity) is seen in response to the metal 
debris. T hese granulomas were seen in addition to the peri-
vascular ALVAL response. The granulomas were more 
commonly seen w ith total hip stemmed im plants, w here the 
only difference is the presence of t itanium within the femoral 
stems as opposed to the resurfacing implants that contain cobalt 
chromium alloy. The presence of granulomatous inflammation 
In extensive necrosis can be mistaken for other necrotising 
granulomatous inflammation, in particular mycobacterial 
infection. A negative ZN stain and the history of metal implants 
Would help make a diagnosis of ARMD. Mahendra et at observed 
a predominant macrophagic and T cell response in 45/ 52 cases 
and proposed a cytotoxic and cell-mediated response to cobalt 
and chromium particles .12 The presence of granulomas in our 
Study is indicative of Type IV delayed type hypersensitivity 
response. Host fac tors may determine why some cases show 
a purely metallosis type response. 
Original article 
Take-home messages 
~ Adverse reactions to metal debris consist of a spectrum of 
changes ranging from a pure metallosis type reaction to 
aseptic lymphocytic vasculitis associated lesion (ALVAL) and 
granulomatous inflammation. 
~ ALVAL is a distinctive response seen in failed metal on metal 
hip arthroplasties and can be distinguished from chronic 
inflammatory arthropathies by the presence of extensive 
surface tissue necrosis and loss of architecture, and metallic 
debris within macrophages. 
~ ALVAL begins as perivascular lymphocytic cuffing evolving 
into lymphoid aggregates with or without germinal centres. 
~ There does not appear to be a clear association between small 
vessel wall changes and the extent of necrosis. A small 
number of cases also showed Iymphocytes within larger 
vessels. It is unclear at this stage if these changes contribute 
to the degree of necrosis. 
~ The inflammatory cell response contributes to tissue 
destruction, but further work needs to be done in elucidating 
the pathogenesis of necrosis. 
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The necrosis seen in ARMD can be caused by the inflamma-
tory media tors generated by macrophages, lymphoid neogenesis 
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Accelerating failure rate of the ASR total hip 
replacement 
There is widespread concern regarding the incidence of adverse soft-tissue reactions after 
metal-on-metal (MoM) hip replacement. Recent National Joint Registry data have shown 
clear differences in the rates of failure of different designs of hip resurfacing. Our aim was to 
update the failure rates related to metal debris for the Articular Surface Replacement (ASR), 
A total of 505 of these were implanted_ 
Kaplan-Meier analysis showed a failure rate of 25% at six years for the ASR resurfacing 
and of 48.8% for the ASR total hip replacement (THR). Of 257 patients with a minimum 
follow-up of two years, 67 (26_1 %) had a serum cobalt concentration which was greater than 
7 1-19/1. Co-ordinate measuring machine analysis of revised components showed that all 
patients suffering adverse tissue reactions in the resurfacing group had abnonnal wear of 
the bearing surfaces. Six THR patients had relatively low rates of articular wear, but were 
found to have considerable damage at the trunion-taper interface. Our results suggest that 
wear at the modular junction is an important factor in the development of adverse tissue 
reactions after implantation of a large-diameter MoM THR. 
There is widespread concern regarding the 
incidence of adverse soft-ti ssue reactions after 
metal-on-meta l (MoM) tota l hip replacement 
(THR).1-3 These changes have been described 
by various authors as pseudotumours,4 aseptic 
lymphocytic vasculitis-associated lesions 
(A LVAL) 5,6 and metallosis.7 In a previous 
study we have used the umbrella term 'adverse 
reactions to metal debris' (ARMD ) to encom-
pass these conditions and to show that the inci -
dence of pathological changes was attributa ble 
to the MoM bearing surface.8 We found an 
incidence of fa ilure secondary to ARMD of 
3.2 % in patients with the Articular Surface 
Replacement (ASR; DePuy, Leeds, United 
Kingdom) resurfacing and of 6% in those with 
the ASR THR (DePuy) . N o fa ilure was seen of 
this type in those with a Birmingham Hip 
Resurfacing (BHR; Smith and Nephew, War-
wick, United Kingdom). 
The results suggested that soft-tissue 
reactions were more likely to develop in asso-
ciation with accelerated wear of metal prosthe-
ses, and that the ASR device was more 
susceptible to accelerated wea r compared with 
the BHR_ These conclusions were in agreement 
with those from other centres_9,10 Factors linked 
to accelerated wear in resurfacing components 
include a smaller diameter of the bearing,11 sub-
optimal orientation of the acetabular 
component12 and reduced acetabular cover_ 13,14 
We initially attributed the increased rate of fa il-
ure observed in patients with the ASR THR to 
the greater proportion of women in the ASR 
THR group (male:female, 40:60), believing that 
the smaller mean size of the bearings led to 
increased surface wear of the bearing and an 
increased likel ihood of ARMD. 
Since the above study8 was published, the 
overall failure rate of the ASR bearing has 
increased significantly_ We have observed a dis-
proportionate increase in the failure rate of the 
ASR THR in men. This phenomenon did not 
appear to be full y explained by the orientation of 
the acetabular component, the size of the bearing 
or the volumetric wear of the bearing surfaces . 
Our aims therefore were: 1) to update data 
on the metal ions in ASR patients; 2) to update 
the fa ilure rates of the ASR secondary to 
ARMD; and 3) to investigate the disparity in the 
fa ilure rate between the THR and resurfacing 
groups despite the identica l bearing surfaces_ 
Patients and Methods 
Implants, Both the ASR hip resurfaci ng and 
THR systems use an identical cobalt (Co) chro-
mium (Cr) acetabular component. T he bearing 
surfaces of the femoral components are also of 
CoCr and are produced to the same geo-
metrical and material specifications. T he THR 
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head (ASR XL head) attaches to a titanium alloy Corail or 
SROM stem (both DePuy) through a CoCr taper junction. 
The tapers are produced in two sizes: 11/13, compatible 
with the SROM stem, and 12/14, compatible with the 
relationships between variables and Mann-Whitney U tests 
were used to determine significant differences between 
groups. Significance was set at p < 0.05. 
Corail stem. Each is available with a varying offset. The Results 
tapers are machined to a tolerance of :t 13 Ilm out-of- Mid-term CoCr levels. There were 257 patients with uni-
roundness (manufacturer's data). They remain fixed to the lateral ASR resurfacings and THRs who had a minimum 
femoral components during explantation. follow-up of two years. Of these, 67 (26.1 %) were found 
Our patients were taken from a single-surgeon pro spec- to have blood levels of Co or Cr which were greater than 
tive study of the ASR bearing surface which was begun in 71lg/1 (the figure quoted in the Medicines and Healthcare 
2004. There were 418 ASR surface replacements and products Regulatory Agency guidance to guide clinicians in 
87 ASR THRs, of which 30 bearings were on Corail stems the identification of a poorly performing bearing surface) 
and 57 on SROM stems. These patients have been and 30 (11.7%) had concentrations greater than 20 Ilg/l. 
described in detail previously.8,15 They were followed up at This is a level above which patients were found to have 
six weeks, three months and annually thereafter unless gross macroscopic metallosis at revision in the study of 
complications developed. The outcome was evaluated De Smet et al,21 findings which agree with our observa-
using the Harris hip score16 and the University of Califor- tions. 
nia, Los Angeles (UCLA) activity scoreP Of these 257 patients, the ASR THR patients (n = 51) 
Since the introduction of the Medicines and Healthcare had a significantly higher median concentration of Co in 
products Regulatory Agency guidelines,18 which recom- serum and whole blood than the ASR resurfacing patients 
mend that all symptomatic patients with a MoM joint (n = 206) (serum Co 3.78 pg/I versus 2.55 pg/I, p = 0.018, 
should undergo analysis of blood metal ions, a mass screen- and whole blood Co 3.20 pg/I versus 2.10 pg!l, p = 0.011; 
ing programme for all patients with MoM bearings was ini- Mann-Whitney test for non-parametric data). 
tiated at our centre. At the time of writing, 409 ASR Bearing diameter and metal ion concentrations. In the 
patients have given samples, of whom 149 have given resurfacing group, there was a significant trend for ion con-
repeat samples with the aim of carrying out annual tests on centrations to decrease as bearing diameter increased 
all patients and more frequent testing for patients with (Spearman's rank correlation = -0.135, p < 0.001). This was 
increased levels. in contrast to the ASR THR group in which ion levels 
Failure of the joint secondary to ARMD was recorded. showed a non-significant increase as bearing diameter 
The diagnosis was based on the clinical history, the findings increased (Spearman's rank correlation = 0.105, p = 0.414). 
at revision and the histological analysis of excised tissue. Revisions. The most common finding at revision was a joint 
Any evidence of sepsis such as positive cultures, grossly effusion in association with varying degrees of soft-tissue 
increased inflammatory markers in the blood or histologi- necrosis. Gross macroscopic metallosis was often encoun-
cal evidence of infection, precluded the diagnosis of tered as well as a few solid masses of tissue described as 
ARMD. A raised concentration of Co or Cr in the whole pseudotumours. 
blood or serum was not a prerequisite for the diagnosis ASR resurfacing ARMD failures. At the time of writing there 
since there have been reports of tissue destruction in asso- were 57 failures in the ASR resurfacing group. Volumetric 
ciation with normal surface wear.19 wear rates ranged from 2.30 mm3 to 95.5 mm3 per year 
AnalYSis of explants. All the ASR components which were (Fig. 1). Thus all ASR resurfacing patients who developed 
revised underwent volumetric wear analysis of the bearing ARMD had implants with wear greater than would be 
surfaces and internal surfaces of the tapers using a co- expected in pain-free patients with well-functioning pros-
ordinate measuring machine (Legex 322; Mitutoyo, Hamp- theses.22 Kaplan-Meier analysis showed survival of 75%"at 
shire, United Kingdom) with an accuracy of 0.8 Ilm. Volu- six years for the resurfacing group as a whole (Fig. 1). 
metric and maximum linear wear rates were calculated ASR THR ARMD failures. There were 25 ASR THR ARMD 
Using Matlab software (MathWorks, Natick, Massachu- failures with 14 in the SROM group and seven in the pri-
setts) based on a previously validated programme.20 In mary ASR THR Corail group. A further four patients 
order to provide graphical representation of the wear at the developed ARMD after conversion of a primary ASR resur-
taper junctions, the co-ordinate measuring machine was facings to an ASR THR (Corail) following early fracture. 
Used to perform several out-of-roundness traces at height Kaplan-Meier analysis showed a survival of 51.2% at six 
intervals of 0.5 pm on the internal surface of the tapers. The years for the ASR THR group as a whole (Fig. 2) with 21 of 
latter was also analysed by SEM (FEI XL30 ESEM-FEG; the failures in patients in whom the acetabular components 
Philips, Eindhoven, The Netherlands) with microanalysis were placed in zones 1,2 or 323 (Table I). 
capability (EDX) (Quantax; Rontec, Carlise, Massachu- Bearing diameter and failure rates. As bearing diameter 
setts) working in a high vacuum at 25kV. increased, ARMD revision rates decreased in the resurfac-
" Statistical analysis. Due to the non-parametric nature of ing group (Fig. 3). The same pattern was seen in the ASR 
'--- the data.Spearman's rank analysis was used toanalyse_THR_patient group. however. of thefour_THRs_with ________ _ 
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Fig . 1 
Bar chart showing the volumetric wear rates of the 
implants retrieved secondary to adverse reaction to 
metal debris (ARMD) failure. The percentage values 
refer to the number of patients in each group who 
were found to have blood values of Co and Cr lower 
than the figure of 7 !ig /l suggested by the Medicines 
and Healthcare products Regulatory Agency.1a Box 
lengths represent the interquartile range, the hori-
zontallines within the boxes the median value and 
mean, (ASR, Articular Surface Replacement; THR, 
total hip replacement). 
O +----+----~--~--~----T_---+----~---
o 10 20 30 40 50 60 70 
Follow-up (mths) 
ASR male (95% Cl 80.5 to 93.2) 
ASR female (95% Cl 80.5 to 93.2) 
ASRTHR male (95% Cl 36.3 to 86.0) 
ASRTHR female (95% Cl 39.7 to 73.9) 
Fig. 2 
80 
I<aplan-Meier survival analys is of all patients divided into sub-
groups according to gender and type of arthroplasty. Only fa i lures 
seCondary to adverse reaction to metal debris (ARMD) are 
Included (ASR, Articular Surface Replacement; THR, total hip 
replacement; Cl , confidence interval). 
bearing sizes ~ 55 mm, there were two ARMD failures sec-
Ondary to taper failure (50%). In the equivalent resurfacing 
group, there was only one failure in 35 patients (2.9%) . 
1'~he volumetric a rticular wear ra tes of the failed ASR 
Rs ra nged from 1.27 mm3 to 24.08 mm3 per year 
Table I. Position zones of the acetabular component 
derived from a two centre study on levels of metal ions in 
585 cases and a volumetric wear assessment of failed 
metal-on-metal joints from a regional centre for implant 
retrieval. Zone 1 corresponds to the lowest ion levels and 
lowest bearing surface wear. Zones 2 and 3 are 5° expan-
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60 
The revision rates secondary to adverse reaction to metal debris 
(ARM D) at the time of writing . The bl ack line represents total hip 
replacem ent patients and the broken line the Arti cular Surface 
Replacement resurfacing patients. 
(Fig. 3) . In six patients wea r was fo und to be less than 
3 mm3Jyea r. M aximum wea r depths measured in the tapers 
of these six pa tients were found to be greater than 15 ~m 
(15 to 78) in each case . Therefore in these cases the loss of 
materi al was not from the articulating surface but from the 
taper (Fig. 4). Of the ASR THR ARMD pati ents, nine were 
found to have blood a nd serum concentrations of Co and 
Cr lower than the threshold level of 7 ~g/l suggested by the 
M edicines and Healthca re products Regula tory Agency.16 
The maximum linea r wear depths from the internal taper 
junctions of the femoral components from ARMD patients 
a re shown in Figure 5. A single unused (conta minated dur-
ing operati ve procedure) femoral component was ava ila ble 
for examination. It was fo und to have a maximum out-of-
roundness of 5 Ilm and therefore matched the specifica tion 
provided by the manufacturer. Volumetric loss fro m the 
tapers retrieved from ARMD patients va ried from 
0.07 mm3 to 3.0 mm3• 
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Fig.4c 
Figure 4a - an out-of-roundness trace of a retrieved 11/13 taper sleeve from an Articular Surface Replacement XL femoral component. There are two 
largely undamaged areas which correspond to the anterior and posterior scalloped areas of the SROM stem with which it was coupled. Adjacent to 
these areas there is marked abnormality of the taper surface with wear depths reaching 40 ~m . Figure 4b - Scanning electron microscopy (SEM) 
image of the areas with no surface change. The manufacturing form has been reta ined and the elemental composition is as expected. Figure 4c -
SEM image of the worn areas. The manufactured form has been lost and there are chromium. phosphate and titanium rich deposits (po ints 0 and 
1) implying corrosion. 
Discussion 
In the light of an increasing number of reports of soft-ti ssue 
reactions in peri-prosthetic ti ssues,4,7 there are concerns 
about the continued use of MoM bearings. Our previous 
study implied that excessive metal wear was the basic cause 
of these adverse reactions rather than an idiopathic 
response to a well-functioning prosthesis.8 These findings 
Were consistent with those from other centres .8-10 While 
excess wear of the a rticular surface appeared to expla in a ll 
of the resurfacing failures at our centre, in this study we 
have observed a number of patients with relati ve ly well-
PoSitioned resurfacing head THRs who have experienced 
ARMD with appa rently well-functioning bearing surfaces . 
In each of these considera ble damage was identified at the 
taper junctions. 
Few patients appear to develop ARMD with a well-
fUnctioning prosthes is and this is consistent with the idea 
VOL. 93- B, No. 8, AUGUST 20 11 
that 'sensitive' or 'a llergic' patients a re the exception rather 
than the rule. Patients who have undergone THR may be 
labelled a llergic if the bearing surfaces of retrieved explants 
are examined, found to be normal, and the taper damage is 
not investigated. Often little or no meta l debris is fo und in 
the capsular tissue in these cases and a heavy lymphocyt ic 
infiltrate with lymphoid neogenesis is present. In these 
instances an incorrect diagnosis of ' metal allergy' can easily 
be made. At our centre we have analysed a va riety of MoM 
devices from over 100 patients from different centres24 and 
we have yet to encounter a patient who has developed 
ARMD in the absence of abnormal wea r of the articula r 
surface or taper junction. It is our belief that the concept of 
'a llergy' in thi s field of orthopaedics remains unproven and 
is not a unique condition to be looked upon differe ntly in 
terms of diagnosis or treatment. Patients who quickly 
develop a lymphocyte-domjnated soft-tissue reaction to a 
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Fig. 5 
Scattergraph showing the maximum wear depths of the internal 
surfaces of the femoral components exhibiting adverse reactions 
to metal debris which appear to be related to the length of time in 
vivo (Spearman rank correlation = 0.530, P < 0.001). 
facing acetabular components and their stemmed equiva-
lents is even sharper. Seven large acetabular components 
were implanted in the THR group. They had a diameter of 
~ 60 mm which is the threshold size that we have previously 
shown to be more resistant to the effects of the position of 
the acetabular component in terms of bearing surface 
wear.12 Three have failed secondary to ARMD within five 
years. In two of the cases the acetabular components were 
optimally positioned and the volumetric articular wear 
rates were relatively low, as were the corresponding ion lev-
els. In both of these cases, however, there was marked taper 
damage. By contrast, there were 35 equivalent-sized 
acetabular components used as pure resurfacing devices . 
All remain in situ except for one which failed because of 
avascular necrosis. We believe that the generation of metal 
debris from taper junctions explains the poor performance 
of the larger sized THR joints and also the increased failure 
rates of the smaller sizes relative to the pure resurfacings. 
The out-of-roundness traces show consistent patterns of 
localised taper damage adjacent to taper areas which have 
retained their manufacturing form. The patterns of mate-
rialloss suggest that the tapers have been splayed open by 
mechanical forces. We speculate that the trend for the use of 
relatively small concentration of metal debris have similar larger diameter, harder-wearing bearing surfaces without a 
lllacroscopic and microscopic tissue appearances to those compensatory change in taper morphology28 has culmi-
Who develop pain a number of years after surgery and are nated in the clinical outcomes described in our report. In 
found to have been exposed to massive concentrations of our total explant collection we have observed severe taper 
llletal debris.23 All ARMD patients at our centre who damage with a number of commercially available MoM 
Underwent in vitro tests of metal allergy including lympho- devices from around the world,24 including the 36 mm Pin-
cYte transformation studies did not have excessive lympho- nacle system (DePuy), the Adept (FinsburylDePuy, Leather-
eYtic reactivity to Co or Cr ions.s Our results agree with head, United Kingdom) and the Birmingham (Smith and 
those of K won et al. 8,25 Nephew) femoral components. We therefore do not believe 
Garbuz et al26 recently found that the serum levels of Co that this is a problem specific to the ASR. The latest 
and Cr in patients with a large-diameter Durom (Zimmer, National Joint Registry Annual Report suggests that we are 
Warsaw, Indiana) THR were increased to a much greater correct in this assumption.28 
~)(tent than in those who received a Durom resurfacing. As In conclusion, no resurfacing patients in our study who 
In OUr study, the bearing surfaces of the resurfacing and experienced ARMD were found to have a well-function-
llIR systems were identical. They found a disproportion- ing bearing surface or metal ion levels which were lower 
ate increase in the concentrations of Co relative to Cr. In than the median levels for the group as a whole. Six ASR 
OUr study, we observed a similar phenomenon, with a sig- THR patients had failed joints which had relatively little 
nificantly higher Co concentration in the ASR THR measurable wear from the articulating surfaces. These 
Patients compared with the ASR resurfacing patients. In prostheses were found to have significantly worn taper 
~ur ASR resurfacing patients, the median level of Co was junctions. We believe that abnormal wear at the head-
oUnd to decrease as the femoral diameter increased. The neck junction may be a major contributing factor to the 
reVerse was true in the THR patients. We speculate that this development of ARMD in MoM THRs using bearing 
lllay have been due to increased mechanical stress on the diameters of 36 mm and greater. We advise surgeons to 
tapers as the bearing diameter increased. have a high index of suspicion of ARMD in well-posi-
The catastrophic failure rates of the ASR bearing surface tioned MoM THRs even in the absence of elevated levels 
can largely be explained by the design of the acetabular of metal ions. Asymptomatic patients may have severe 
cOlllponent and its predisposition to edge wear.13,14,27 ASR soft-tissue destruction, a fact which has been reported in 
acetabular components of smaller size are particularly vul- other centres.29 Surgeons need to be aware of potential 
nerable to this process because of their reduced arcs of taper damage when revising failed MoM joints and the 
COVer.12 However, smaller acetabular components, when trunion and internal surface of the tapers should be care-
USed in a THR system, have an even greater rate of failure fully inspected. Consideration should be given to the use 
s~eondary to ARMD than resurfacing devices of the same of ceramic revision heads which have an internal titanium 
, slZe.lhe contrast in performance between large ASR resur-~ sleeve to protect the ceramic material. _________ ~ _______ _ 
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High failure rates with a large-diameter 
hybrid metal-on-metal total hip replacement 
CLINICAL, RADIOLOGICAL AND RETRIEV AL ANALYSIS 
This study reports the mid-term results of a large-bearing hybrid metal-on-metal total hip 
replacement in 199 hips (185 patients) with a mean follow-up of 62 months (32 to 83). 
Two patients died of unrelated causes and 13 were lost to follow-up. In all, 17 hips (8.5%) 
have undergone revision, and a further 14 are awaiting surgery, All revisions were 
symptomatic. Of the revision cases, 14 hips showed evidence of adverse reactions to metal 
debris. The patients revised or awaiting revision had significantly higher whole blood cobalt 
ion levels (p = 0.001), but no significant difference in acetabular component size or position 
compared with the unrevised patients. Wear analysis (n = 5) showed increased wear at the 
trunnion-head interface, normal levels of wear at the articulating surfaces and evidence of 
corrosion on the surface of the stem. 
The cumulative survival rate, with revision for any reason, was 92.4% (95% confidence 
interval 814 to 95.4) at five years. Including those awaiting surgery, the revision rate would be 
15.1 % with a cumulative survival at five years of 89.6% (95% confidence interval 83.9 to 93.4). 
This hybrid metal-on-metal total hip replacement series has shown an unacceptably high 
rate of failure, with evidence of high wear at the trunnion-head interface and passive 
corrosion of the stem surface. This raises concerns about the use of large heads on 
conventional 12/14 tapers. 
Modular cobalt-chrome large-diameter fem-
oral heads were introduced in 2003 to treat 
failure of the femoral component of metal-on-
metal hip resurfacing when the acetabular com-
ponent was well fixed. These had a 12114 cone 
which allowed assembly on to an appropriate 
stem. Midland Medical Technologies 
(Birmingham, United Kingdom) who made the 
large diameter modular head did not manufac-
ture a stem at that time, and surgeons used a 
variety of components from different manufac-
turers. Large modular heads on a femoral stem 
were increasingly used as a primary hip replace-
ment instead of hip resurfacing for patients 
with poor quality of the femoral bone. The 
combination of a large durable bearing with a 
clinically proven femoral stem had perceived 
advantages, including a low rate of dislocation 1 
and wear,2 a greater range of movement3 and 
the potential for increased longevity compared 
with conventional metal-on-polyethylene total 
hip replacement (THR). These features made it 
an attractive option for young active patients 
with degenerative disease of the hip. 
The reported survival of metal-on-metal 
THRs has been favourable, with few failures 
and complications, although most studies have 
involved 28 mm diameter heads.4-8 The results 
from smaller series on larger diameter bearings 
have also been encouraging.9-11 
Recent reports of unexpected high failure 
rates for some types of hip resurfacing and a 
high incidence of adverse reaction to metal 
debris (ARMD)12,t3 have led to an alert from 
the Medicines and Healthcare products Regu-
latory Agency prompting an urgent review of 
all metal-on-metal articulations.14 
This study reports the mid-term clinical and 
radiological results of a large-bearing metal-
on-metal hybrid THR. Secondary aims were to 
identify potential sites of failure from retrieval 
wear analysis and to identify factors predictive 
of revision. 
Patients and Methods 
Between 2002 and 2007, 199 metal-on-metal 
THRs were implanted by the senior author 
(JML). The author's experience of hip resurfac-
ing in post-menopausal women had been dis-
appointing, owing to early failure of the 
femoral component, and the metal-on-metal 
hybrid THR was chosen because it offered the 
potential benefits of a large durable bearing 
combined with a femoral stem which had 
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previously given excellent results. Other indications for the 
metal-on-metal hybrid THR included poor-quality proxi-
mal femoral bone resulting from conditions such as avascu-
lar necrosis of the femoral head, severe cystic degeneration 
or previous surgery. The cohort contained 110 women and 
75 men (14 bilateral cases) with a mean age at surgery of 
58.1 years (29 to 77) and a mean follow-up of 62 months 
(32 to 83). 
Implants. All patients had a collarless polished tapered 
cobalt chrome stem (CPT; Zimmer, Warsaw, Indiana) 
implanted with cement (Palacos R+G; Heraeus Medical 
GMbH, Hanau, Germany). On the acetabular side, the 
Birmingham Hip Resurfacing (BHR) acetabular compo-
nent (Smith & Nephew, Warwick, United Kingdom) 
coupled with a large modular metal femoral head (Midland 
Medical Technologies (MMT) Ltd, Birmingham, United 
Kingdom) was used until 2006, when they were replaced by 
the Adept resurfacing actabular component and modular 
metal heads (Finsbury Orthopaedics, Leatherhead, United 
Kingdom). The MMT modular head was introduced in iso-
lation without a matching stem. The choice of stem was left 
to the surgeon's judgement, as was the practice at the 
timeY The senior author initially used the same stem 
(MS30; Sulzer Orthopaedics, Alton, United Kingdom) as 
one of the inventors of the BHR. Sulzer Orthopaedics was 
then acquired by Zimmer. The senior author was already 
familiar with the CPT stem (Zimmer) and began to use it 
instead of the MS30 as it was made of chrome-cobalt, had 
the same 12114 taper as the MS30 stem and had excellent 
clinical results. 16 The Adept system was used from 2006, 
after which time the senior author used the uncemented 
Adept stem with the large diameter modular head. Cur-
rently there are no universally accepted standards, guide-
lines or testing methodologies for trunnions used in hip 
replacement surgery, and there are no firm guidelines for 
the accepted tolerances between different taper geometries. 
All operations were undertaken through a posterolateral 
approach in a laminar flow operating theatre. All metal-on-
metal hybrid THRs were scheduled to have radiological 
and clinical review at one, two and five years post-
operatively. However, after the Medicines and Healthcare 
products Regulatory Agency alert in 201014 and concerns 
OVer the number of patients presenting with clinical and 
radiological failure, all patients were recalled for review. 
The following assessments were performed: 
Clinical analysis. The Oxford hip score17 was recorded 
(0 = worst score, 48 = best score). Patients were specifically 
asked if they had experienced groin, start-up or trochant-
eric pain, new-onset clunking or clicking, or fatigue (limp 
after exertion). Those describing new-onset symptoms were 
categorised as 'painful hips'. 
Radiological analysis. Standardised digital anteroposterior 
(AP) pelvic and lateral hip radiographs were obtained. 
Assessment of the position of the acetabular component 
Was carried out using Einzel-Bild-Roentgen-Analyse 
SOftware18,19 (EBRA; University of Innsbruck, Innsbruck, 
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Austria) on all radiographs from each patient. Measure-
ments were performed by an independent assessor (D]L), 
and mean values were used for analysis. The EBRA version 
of the acetabular component was calculated as the angle 
between the true version and the proposed mid-range value 
(15°; proposed normal range of version 5° to 25°). This 
established a range of versions from the proposed optimum 
value. Radiographs were assessed by two authors (BJRFB, 
]ML) for progressive radiolucencies around the acetabular 
(De Lee and Charnley)20 and femoral (Gruen, McNeice and 
Amstutz)21 components, osteolysis, bone resorption and 
component migration. 
Metal ion analysis. Blood was sampled with a 21-gauge 
needle (Becton-Dickinson, Oxford, United Kingdom) and 
collected in trace element tubes containing sodium 
ethylenediaminetetracetic acid (EDTA). Samples were mea-
sured by inductively coupled plasma mass spectrometry for 
whole blood cobalt (Co) and chrome (Cr) levels (expressed 
in nmoVI). Normal ranges were given as 0 nmoVl to 
120 nmoVl for Co, and 0 nmoVI to 135 nmoVl for Cr 
(equivalent to 0 ppb to 7 ppb). Patients with bilateral hip 
replacements were analysed separately to avoid confound-
ing bias. 
Joint fluid. In cases of revision joint fluid was aspirated 
(either before or around the time of revision surgery) and 
analysed for Co and Cr levels using the same technique and 
equipment as for blood metal ion sampling. 
Explant analysis_ Revised components underwent volumet-
ric wear analysis of the bearing surfaces using a coordinate 
measuring machine (Legex 322; Mitutoyo (UK) Ltd, 
Andover, United Kingdom) with an accuracy of 0.8 ~m. 
Measurements were made every 5° on 18 concentric circles 
as well as at the pole of the component, thereby completing 
a total of 4500 to 6000 measurements for each component, 
depending on the radius of the explant. Rates of volumetric 
wear were calculated using Matlab (Math Works, Natick, 
Massachusetts) using a previously validated program.22 
The availability of the Red Lux Artificial Hip Profiler 
(RedLux Ltd, Southampton, United Kingdom) has also 
enabled further surface wear analysis on the most recent 
explants (n = 4), by scanning the surface of spherical 
objects and providing a three-dimensional image of the sur-
face with the shape and location (geometric information) of 
the wear patch as well as information on the wear vol-
ume.23 Wear at the taper junction was determined using the 
co-ordinate measuring machine to perform several out-of-
roundness traces at 0.5 mm height intervals on the internal 
surface of the tapers. Two unusual tapers were analysed as 
controls with maximum out-of-roundness of 8 ~m and 
10 ~m, respectively. 
Statistical analysis. All single variable hypothesis tests were 
conducted within a non-parametric framework, after con-
firming that data were not normally distributed. Group 
comparisons for continuous variables were made using the 
Mann-Whitney U test. Multifactorial analysis was con-
ducted using logistic regression models with categorical 
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Table I. Patient demographics, radiological parameters and clinical outcome data for all patients and revised/awaiting revision 
patients 
Number of hips (patients) 
Mean age in years (range) 
Number of women (%) 
Mean follow-up in mths (range) 







Type of surgery In, %) 
Primary 
Revision 
Number of bilateral cases 
Component sizes in mm 
Median femoral head size (range) 
Median acetabular component size (range) 
Clinical outcome" 
Mean pre-operative OHS 
Mean latest OHS 
All patients 
199 (185) 
58.1 (29 to 77) 
110 (59) 










46 (38 to 58) 














46* (40 to 54) 
53* (52 to 56) 
Number of painful MOMTHRs (excluding revisions & awaiting revision, %) 
21 (3 to 39) 
45 (11 to 48) 
18/168 (11) 
17* (6to 31) 
23/28* (82) 
Radiological results 
Number of patients with radiological changes (%) 
Mean EBRA inclination in • (range) 
Mean EBRA version in • (range) 
Metal ion results t 
Median Co levels in nmolll (range) 
Median Cr levels in nmolll (range) 
Median Mo levels in nmolll (range) 
31 (16) 
40.1 (19 to 57) 
12.7 (-3.1 to 33.1) 
136 (31 to 793) 
63 (8 to 603) 
9 (27) 
24128* (86) 
41.6* (51.5 to 56.0) 
12.3* (9.0 to 16.1) 
187* (34 to 650) 
87 (34 to 650) 
9* (6 to 27) 
* OHS, Oxford hip score; MOMTHRs, metal-on-metal hybrid total hip replacements 
t bilateral cases excluded 
* non-adverse reaction to metal debris revisions excluded 
explanatory variables. Survival analysis techniques were 
Ilsed to model the log-rank test and Kaplan-Meier estimates 
of the survival function. Statistical inferences were con-
d.ucted with a two-sided significance level of 5%. SAS ver-
sIon 9.1.3 (SAS Institute Inc., Cary, North Carolina) and R 
(It Foundation for Statistical Computing, Vienna, Austria) 
\\rere used to perform the analysis. 
~eSults 
i\\rO patients died from causes unrelated to their THR. 
here were 13 patients who were lost to follow-up. Further 
Patient demographics are outlined in Table I. 
. A total of 17 hips (8.5%) required revision. The mean 
tlllle to revision was 45.5 months (18 to 70), at a mean age 
at Operation of 59.8 years (50 to 71). A total of 15 revisions 
\\rere in women. Of the 17 revisions, 14 were the result of 
an ARMD, two due to deep infection and one to a peri-
Prosthetic fracture. The diagnosis of ARMD was made on 
MRI in nine cases, and clinically with subsequent histo-
logical confirmation after exploration of the hip and revi-
sion in five. Abundant necrotic caseous material was 
commonly found around the bone-component or bone-
cement interfaces and often tracked anteriorly along the 
psoas tendon, with extensive bone loss and a spectrum of 
soft-tissue involvement and peri-implant fluid collections 
(Fig. 1). A further 14 patients are awaiting revision as indi-
cated by radiological changes (n = 14) and/or pain (n = 9), 
along with high metal ion levels (n = 10). Details of all revi-
sion cases are summarised in Table 11. 
Survival. The cumulative survival rate for both acetabular 
and femoral components, with revision for any reason, 
was 97.0% (95% Cl 93.4 to 98.6) at three years and 
92.4% (95% Cl 87.4 to 95.4) at five years (Fig. 2a), and 
for ARMD as the cause of revision 96.9% (95% Cl 93.3 
to 98.6) at three years and 93.6% (95% Cl 89.0 to 96.3) 
at five years. 
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Fig.l 
Intra·operative photograph showing abundant caseous material (circle and insert) behind the acetabular component, resulting :n 
extensive bone loss. 
Analysis by gender showed that the cumulative survival 
rate in women remaining free of revision for any reason 
Was 94.9% (95% Cl 88 .9 to 97.7) at three years and 
88.1 % (95% Cl 80.4 to 93.0) at five years, and the corre-
sponding rate for men was 100.0% at three years and 
98.6% (95% Cl 90.5 to 99.8) at five years (Fig. 2b) . 
Including those patients awai ting revision (i.e., a ll fail-
ures) as a worst-case scenario, the revision rate for any 
reason would be 15.1 % at final follow-up, with a cumu-
lative survival at five years of 89 .6% (95% Cl 83 .9 to 
93.4), and by gender, 12.5% at final follow-up with a 
cumulative surviva l at five years of 95.0% (95% Cl 85.0 
to 98.4) for men and 16.9% at final follow-up with a 
cumulative surviva l at five years of 87.8% (95% Cl 79.9 
to 92 .8) for women. 
Clinical analysis. All revision cases and nine of the 
14 (64%) awaiting revision presented with symptoms. In 
two revision cases presentation was acute, with individual 
cases of dislocation and fracture (Vancouver B3 24 second-
ary to ARMD: no history of trauma and associated with a 
large vo lume of necrotic tissue in the cement-bone inter-
face, with resorption and thinning of the cortex resulting in 
pathological fracture; Fig. 3b) . In those not revised or 
awaiting revision, 17 patients (18 hips, 9% ) had painful 
hips; 13 of the 17 (76%) were women. Mean pre- and post-
operative Oxford hip scores for all patients and revision/ 
awaiting revision cohort are outlined in Table l. 
Radiological analysis. A common progressive spectrum of 
radiological findings was seen which involved initial 
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scalloping and bone resorption of the medial calcar region, 
with progressive lucency in Gruen zones 7 and 1, along 
with scalloping and bone resorption in zones 1 and 3 
around the acetabular component (Fig. 3). This spectrum of 
change was observed in ten of the 14 patients diagnosed 
with ARMD and in a ll those awai ting revision. In three 
cases peri-prosthetic fractures were present (two Vancouver 
AG, one acute fracture Vancouver B3) . A further seven 
asymptomatic patients have non-progressive medial calcar 
resorption and are being investigated with metal artefact 
reduction sequence MRL 
Acetabular component size and EBRA analysis. Comparison 
of revision/awaiting revision versus non-revision cohorts 
showed no significant difference in acetabular component 
size (p = 0.77), inclination (p = 0.38) or version (p = 0.12) 
(Table I). 
Metal ion analysis. There was a significant increase in Co 
levels in the revision/awaiting revision group (p = 0.001 ) 
compared with the non-revision cohort, but no significant 
rise in Cr or Mo metal ion levels (p = 0.14 and p = 0.22, 
respectively) (Table J). 
Retrieval analysis. Black markings and deposits were visible 
at the trunnion/modular head interface (Fig. 4a). The stem 
had obvious pitting and evidence of corrosion along the 
surface which was more marked at the region of the proxi-
mal cement/stem interface and the tip of the stem (Fig. 4b). 
The mean bearing surface wear between head and 
acetabular component was 1.86 mm/yr (SD 1.55) (+/- 2 SD). 
These values, and the geometric informaton gathered from 
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Table 11. Details of the 17 revision patients (17 hips) 
EBRA* 
Compo-
Indication nent Ve~ 
A f . Establish- size Painful Inclina- sion 
Radio-




Cr levels Co Cr ge Mths or pnmary O. . ment of t 
Patient (yrs) Gender in situ surgery· lagnosls diagnosis (mm) pre-revision tion (.) (.) 
graphic Co levels 
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11 .9 Prog 635 
15.2 Static 
32.8 19.9 Prog 187 
34.7 3.9 None 
46.9 11 .3 None 117 
37.7 3.1 Static 412 
42.6 13.7 Prog 116 
41.5 9.6 Prog 
41.0 19.3 Prog 372 
22.9 21.6 Prog 372 














62 F 52 OA ARMD USS 52 Yes 38 12.9 None 171 42 
63 
85229 3962 
1053 1000 52 F 39 OA ARMD MRI 50 Yes 54.2 18.2 None 44 
15 50 F 18 DDH ARMD MRI 54 Yes 40.1 20 Prog 
16 68 F 30 OA ARMD MRI 50 Yes 46.9 10.3 Prog 34 88 
17 45 F 78 OA ARMD Clin ical 42 Yes 31.9 15.4 Prog 589 603 
• OA, osteoarthritis; DDH, developmental dysplasia of the hip; ORIF. open reduction and internal fixation ; AVN, avascular necrosis 
t USS, ultrasound scan 
* EBRA, Einzel-Bild-Roentgen-Analyse 
§ ARMD, adverse reaction to m etal debris 
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Kaplan -Meier survival curves with 95% confidence intervals for a) all patients (revision for any cause) and b) all patients (by 
gender), 
Redl ux images, did not show abnormal wear volume, depth 
Or p '. I OSltlon for the length of time the implants had been in ~ aCe. The mean maximum out-of-roundness of the taper 
l;s 34.5 Ilm (SD 13.3 ) (± 2 SD; normal range 8 Ilm to 
J.!m ). A characteristic pattern was observed with two 
discrete regions of wear at polar opposites to each other on 
the margin of the edge of the trunnion (Fig. 4c) . These find-
ings indicate that increased wear at the trunnion/head inter-
face and passive corrosion of the stem are the two maIn 
sources of meta l ion debris. 
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Fig . 3a Fig.3b Fig.3c 
Radiographs showing a) femoral lysis in zones 1 and 3 and and zone 1 acetabular lysis (arrows) corre-
sponding to sites of corrosion seen at retrieval at 75 months follow-up, b) widespread femoral and 
acetabular lysis (arrows) with associated peri-prosthetic fracture of the femur at 72 months follow-up, and 
c) extensive acetabular lysis (arrows) in the lateral view at 4 months follow up. 
Fig . 4a Fig. 4b Fig. 4c 
Figure 4a - photograph of an explanted modular head, showing black deposits at the point of contact w ith the taper. Figure 4b - photographs of an 
explanted femoral component, showing ev idence of passive corrosion at the proxi mal stem-cement interface and the distal stem surface (arrows) 
(insert: magnifi ed view of stem surface). Figure 4c - diagram show ing out-of-roundness measurements at the trunnion depict ing a characteristic pat-
tern of w ea r. 
Fluid analysis. The mean metal ion levels in fluid taken at 
revision cases were 18 635 nmoUI Co, and 35 740 nmoUI 
Cr. The mean ratio of CrlCo ions was 6.5:1 in the joint 
fluid, compared to 1:2 in whole blood. 
Multifactorial analysis. The presence of pain , high whole 
blood Co levels and radiologica l changes were included in a 
multiple logistic regression analysis model to determine the 
strongest predictors of revision or impending revision. The 
presence of an isolated raised Co level in the a bsence of 
either symptoms or radiologica l changes was not pred ictive 
of failure (p = 0.675). However, the presence of pain 
(p < 0.001 ) and radiologica l changes (p < 0.001 ) in isola-
tion were both signi ficant predictors of fa ilure. 
Discussion 
Outcomes from the Na tiona l Joint Registry fo r England 
and Wales25 as well as independent series fro m centres in 
the United Kingdom26 have caused concern about the sur-
viva l of metal-on-metal arti culations. This large meta l-on-
meta l hybrid THR seri es has demonstrated an unaccept-
ably high level of ea rl y fa ilu re associated with extensive soft 
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ti ssue and bony involvement. In the latest joint regis try 
report the revision rate quoted for large-head meta l-on-
metal hybrid THR was 7.8% (6.6% to 9.3%) at five years. 
This is compara ble to our revision rate of 8.5% (4.5% to 
13.4% ) at fi ve yea rs. More ala rming, however, is the 
increase in the failure rate that is occurring with time (after 
two yea rs in women and five yea rs in men, Fig. 2b) both in 
thi s series and in the registry. 
T his high rate of fa ilu re might reasonably be thought to 
be the result of a mismatch between the head and stem 
taperltrunn ion. H owever, it is becoming increasingly clear 
that the same pattern of fai lure is seen in simi lar devices 
supplied by a single manufacturerP There are no univer-
sa lly accepted standards rela ting to the testing of these 
devices, a nd as a result there a re limited data ava ilable on 
the mechanica l behaviour of large d iameter modular heads 
on 12114 tru nn ions. The testing undertaken on these 
devices before introduction to the market clea rly did not 
identify the risk of excessive wear between the head and the 
stem. T here is an opportunity for the engineers and the 
orthopaed ic manufacturing industry to develop an 
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accepted testing methodology so that new devices can be 
tested appropriately before being implanted. 
The majority of these failures have shown evidence of 
ARMD (14 of 17 revisions). It is now established that the 
reaction to metal debris may take several years to 
develop.13,26 This has been highlighted in this series by a 
mean time to revision of 45.5 months, with only one revision 
occurring within two years of implantation. It is therefore 
likely that we are underestimating the true rate of ARMD. 
Pain was a prominent feature of failure but, unlike the 
recent series reported by Donell et a1,28 was often accompa-
nied by abnormal radiographs. The follow-up of these 
patients prior to the recall was planned at one and five 
years, and therefore risked not identifying patients until 
later in the failure process. We have learnt that the symp-
toms are often subtle and easily overlooked. In two revision 
cases the patients initially presented with mild lateral tro-
chanteric pain and were treated conservatively for trochan-
teric bursitis. Later more intrusive symptoms prompted 
exploration to reveal, in one patient, complete destruction 
of the abductor insertion and a bald trochanter. Laterally 
based pain is a potential symptom of early failure and war-
rants further investigation. 
Other established factors associated with early failure in 
hip resurfacing implants have included female gender, older 
age, high acetabular component inclination29-31 (> 50°) and 
Version, small head size « 50 mm) and high metal ion levels 
(Co> 7 ppb or 120 nm/l).14 It remains to be established 
whether these risk factors also apply to the large-head 
metal-on-metal hybrid THRs. 
In this series being female was significantly associated with 
revision alone (p = 0.008), but not when combined with those 
aWaiting revision (p = 0.157). The initial early revisions were 
predominantly in women, but at the latest review there had 
been a rise in failure in men. The cause of the high rate of 
early revision in women is not known, but indicates the mul-
tifactorial nature of the failure process. At present it is not 
?ossible to determine whether gender is an isolated risk factor 
In large diameter metal-on-metal hybrid THRs, but this will 
become clearer as the duration of follow-up increases. 
liigh Co ion levels were also significantly associated with 
reVision/awaiting revision, but unlike the failures of hip 
r~surfacing, age, component positioning and component 
SIZe Were not significant risk factors for impending or' 
aCtual failure: 60% of the acetabular components in this 
c.ohort were implanted within the proposed 'safe zone,32 
(Inclination 40° (:!: 10°), version 15° (:!: 10°)). Furthermore, 
Within this cohort of failures or impending failure with 
r . 
alsed Co or Cr levels, 80% of acetabular components were 
Stili placed within the safe zone. The use of 'generic' safe 
~ones, however, must be interpreted with caution as each 
IndiVidual implant will have a spectrum of tolerance within 
which it functions optimally. There have been no previously 
~eported series of either the large-head modular Birming-
am or Adept hip systems, and therefore the optimum safe 
~()ne for these combinations is not known. 
Retrieval analysis has identified the trunnion-head inter-
face as a potential source of metal ion debris, with other-
wise normal wear volume per year (including depth and 
position) at the articulating interface. The common wear 
pattern observed at the trunnions (<Xl shape) suggests a 
mechanical cause from excess force at the interface. Bur-
roughs et al33 have previously reported that torsional forces 
at the trunnion increase as head size increases when metal is 
tested on standard and highly cross-linked polyethylene. 
However, the observed pattern with two identical areas of 
wear at polar opposites around the taper circumference is 
more suggestive of 'toggling', rather than a rotational 
moment. Furthermore, the lubrication regime that will be 
integral to the magnitude of these forces will be different 
for metal-on-metal and metal-on-polyethylene articula-
tions, and will be affected by several factors, including rim 
contact, impingement, acetabular component deformation, 
point loading, sliding distance34,35 and the duration of the 
bedding-in phase. These factors, along with the magnitude 
of early ion production, are therefore likely to be relevant in 
the currently unknown aetiology of these early failures. 
A further source of metal ion production is passive cor-
rosion of the stem surface. Analyses of metal particulate 
matter from tissues of failed metal-on-metal articulations 
have shown that Cr (in the form of chromium orthophos-
phate, a byproduct of corrosion)36,37 is the predominant 
ion. Joint fluid aspirated at revision surgery showed mark-
edly elevated Cr levels compared to Co, a reciprocal finding 
to the ratio of Co and Cr in the whole blood of the same 
patients. This is a similar finding to that described by Lang-
ton et al,13 and confirms the macroscopic retrieval findings 
that corrosion has also had a role in the production of 
metal ions in these failed cases. 
What remains unclear is whether mechanical wear at the 
trunnion or passive corrosion of the stem is the predomi-
nant contributor to metal ion production. Elevated levels of 
metal ions in the blood have been implicated by hip resur-
facing studies and retrievals14 where the articulating sur-
faces are the proposed primary sources of metal ions. We 
suggest that the smaller surface area of the trunnion will 
result in less metal ion production than the larger articulat-
ing surfaces. In this series, testing the metal ion levels using 
a threshold set at 120 nmoVI had a sensitivity of 83% and 
specificity of 52% for failure. In order to obtain 100% sen-
sitivity the threshold would need to be lowered to 40 nmoVl 
(equivalent to 2.4 ppb). Multilogistic analysis further 
showed that an isolated high Co level at this threshold was 
not significantly predictive of failure compared to the pres-
ence of either radiological changes or symptoms (pain). 
This raises the concern that the threshold level of 7 ppb is 
too high for metal-on-metal hybrid THRs and may falsely 
reassure the surgeon that the implant is functioning well. 
Without a specific diagnostic test the importance of a 
complete assessment of these patients including a clinical 
history, examination and standard plain radiographs, can-
not be over-emphasised. Our early experience informs us 
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that one must intervene as soon as possible in patients with 
even mild symptoms, to avoid catastrophic complications. 
This metal-on-metal hybrid THR series has demon-
strated unacceptable high failure rates and a high occur-
rence of ARMD. Retrieval analysis has highlighted 
concerns over excess wear at the trunnion along with evi-
dence of corrosion to the stem. Pain is a positive predictor 
of failure, and new subtle symptoms should not be over-
looked. Metal ion levels remain a useful aspect of assess-
ment, but in isolation are not specific or predictive of 
failure. Further work is necessary to determine the true aeti-
ology of the high failure rates in large-head metal-on-metal 
hybrid THRs and to establish the mechanical forces and 
their resultant effects on the 12114 taper. With the increas-
ing popularity of larger femoral heads this series highlights 
a need to develop international standardised testing 
regimes and evidence-based guidance for surgeons on the 
safe and appropriate use of large diameter modular heads 
on tapers of varying dimensions and geometries .• 
Supplementary material 
P.'I A scatter plot showing the acetabular component 
~ inclination and version of those hips revised or await-
ing revision, with reference to the 'safe zone', is available 
with the electronic version of this article on our website at 
www.jbjs.org.uk 
listen live 
~ Listen to the abstract of this article at www.jbjs.org.uklinteractive/audio 
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• HIP 
Taper junction failure in large-diameter 
metal-on-metal bearings 
Objectives 
An ongoing prospective study to investigate failing metal-an-metal hip prostheses was 
commenced at our centre in 2008. We report on the results of the analysis of the first 
consecutive 126 failed mated total hip prostheses from a single manufacturer. 
Methods 
Analysis was carried out using highly accurate coordinate measuring to calculate volumetric 
and linear rates of the articular bearing surfaces and also the surfaces of the taper junctions. 
The relationship between taper wear rates and a number of variables, including bearing 
diameter and orientation of the acetabular component, was investigated. 
Results 
The measured rates of wear and distribution of material loss from the taper surfaces 
appeared to show that the primary factor leading to taper failure is the increased lever arm 
acting on this junction in contemporary large-diameter metal-an-metal hip replacements. 
Conclusions 
Our analysis suggests that varus stems, laterally engaging taper systems and larger head 
diameters all contribute to taper failure. 
Keywords: Hip, Arthroplasty, Taper, Metal-on-metal, Large diameter, Adverse reaction to metal debris 
Article focus 
• What are the factors leading to debris release 
from modular junctions in contemporary 
large-diameter metal-on-metal (MoM) total 
hip replacements (fHRs)? 
Key messages 
• Significant amounts of metal debris are 
released from modular junctions 
• Taper wear appears to be unrelated to 
wear of the bearing surface 
• Taper wear may be more likely in systems 
with larger diameter heads, larger head 
offsets and varus stems 
Strengths and limitations 
• This is the first paper to describe in detail 
the volumetric loss of debris from 
modern THRs 
• The results have been obtained from exam-
ination of one of the largest modern MoM 
THR explant collections in the world 
• As it reports results from a failed sample 
group it is inherently biased 
Introduction 
The last four years have seen an increasing 
number of reports of adverse soft-tissue reac-
tions following metal-on-metal (MoM) 
arthroplasty of the hip.1-3 At first, there 
appeared to be no correlation between the 
incidence of these tissue reactions and either 
MoM total hip replacement (fHR) or hip 
resurfacing.4 The 2011 report of the National 
Joint Registry for England and Wales (NJR)4 
published failure rates of 29.0% for the Artic-
ular Surface Replacement (ASR; DePuy, 
Leeds, United Kingdom) THR at six years, in 
contrast to a 9.6% failure rate for the ASR 
resurfacing.s A clear difference in the perfor-
mance of the two systems despite identical 
bearing surfaces. Some observers have stated 
that the failure of the ASR THR can be linked 
directly to the flawed design of the ASR ace-
tabular component, leading to higher friction 
that propagates distally, stressing the modu-
lar junction and leading to release of debris 
from the taper junction.6 However, joint reg-
istry reports from England and Wales and 
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Table I. Details of the samples analysed 
Articuleze 
ASRXL' (Pinnacle) 
Number of hips 63 48 
Male:female 23:40 14:34 
Median age at implantation (yrs) (range) 55 (42 to 73) 66 (55 to 73) 
Median time in vivo (mths) (range) 33 (11 to 64) 42 (12 to 75) 
Reason for revision (n, %) 
Adverse reaction to metal debris 61 (96.8) 43 (89.6) 
Loosening of the femoral component 1 (1.6) 2 (4.2) 
Loosening of the acetabular component 1 (1.6) 1 (2.1) 
Unexplained pain 
• ASR, Articular Surface Replacement 
Australia suggest that this issue is not specific to the ASR, 
but that there is a deeper underlying problem.4,6 Both 
registries have shown that MoM THRs in general have not 
performed as well as conventional bearing surfaces. As 
shown in the Australian registry, 6 this difference in revi-
sion rates becomes more emphasised as diameter of the 
bearing increases. Garbuz et al/ Langton et al8 and 
Beaule et al 9 have shown evidence that blood metal ion 
concentrations are elevated in THRs compared with their 
resurfacing counterparts in studies involving the Durom 
(Zimmer, Warsaw, Indiana), ASR and Conserve Plus sys-
tems (Wright Medical, Memphis, Tennessee), respec-
tively. A recent prospective studiO in the United 
Kingdom comparing the Birmingham Hip Resurfacing 
(BHR; Smith &. Nephew, Warwick, United Kingdom) with 
the BHR THR was terminated due to unacceptably high 
III eta I ion levels in patients receiving the THRs. 
Retrieval studies have shown evidence of damage at the 
head-neck modular junction in patients suffering cata-
strophic tissue damage in association with minimal wear 
of the bearing surface.8,1 1 In the past, many authors have 
Proposed that the mechanism of taper failure is primarily 
electrochemical in nature. 1O,12 However, previous analy-
ses have been carried out largely using a simple visual 
qUantification of "corrosion". In this study we aimed to 
quantify the material loss from tapers, in order to identify 
risk factors for taper failure and in so doing propose a 
ll1echanism that may precipitate failure . 
~aterials and Methods 
~quipment. At our centre, we have carried out a continu-
Il)g prospective investigation into the failure of MoM hip 
devices since 2008. All DePuy MoM THRs received at 
Newcastle University up to September 2011 underwent 
full volumetric and linear wear assessment of the femoral 
al)d acetabular bearing surfaces as well as the articular 
surfaces of the taper junctions. This was done using a 
coordinate measuring machine (CMM) (Legex CMM; 
~itutoyo, Tokyo, Japan) with an accuracy of 0.8 ~m. The 
technique we used to obtain volumetric measurements of 
the bearing surfaces of MoM components has previously 
0(0) 2 (4.2) 
been published. 13,14 We used a custom designed Matlab 
programme (The Mathworks Inc., Natick, Massachusetts) 
to analyse the taper surfaces. Using gravimetric analysis 
as the benchmark measurement technique, our taper 
analysis was found to be accurate to approximately 
0.2 mm 3. DePuy components only were included in this 
analysis. The justification in limiting the research to 
DePuy products in the first instance was to avoid 
confounding factors including gross variations in 
metallurgy, engineering tolerances and material combi-
nations of various stem-head combinations used by dif-
ferent manufacturers. 
Patients and components. Only components with satis-
factory radiographs suitable for analysis of acetabular 
component orientation using Ein-Bild-Roentgen-Analyse 
(EBRA) software (University of Innsbruck, Innsbruck, 
Austria) 15 were included as well as those with a known 
reason for revision, mated femoral stem details and 
length of time in vivo. There were 111 tapers available for 
analysis in total. The majority of hips (n = 68, 61 %) were 
obtained from University Hospital of North Tees, where 
three consultant hip surgeons (CT, RL and an author, 
AVFN) performed the primary and revision surgeries. The 
demographics of the patients from whom the compo-
nents were taken are provided in Table I. In a minority of 
cases where femoral stems were available, the trunnions 
also underwent the same analysis. Implants were 
received from centres in the United Kingdom and United 
States. The majority of implants (n = 104) were revised 
secondary to adverse reactions to metal debris (ARMD), 
the diagnosis of which was based on a combination of 
clinical history, examination and macroscopic and histo-
logical appearance of tissues at revision surgery.2 
In this study, the term "trunnion" refers to the 
intended articular area of the femoral stem (i.e., the 
"male" component of the modular junction). The term 
"taper" describes the area attached to the femoral head 
that is intended to contact the trunnion. It refers to 
either a sleeve that inserts into the femoral head (as with 
the ASR XL head system) or simply to the internal cone of 
the head in systems not using a sleeve adaptor (such as 
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Fig . 1 Fig . 3 
Photograph of an Articular Surface Replacement (ASR) XL head with Corail Radiograph showing the measurement of the horizontal lever arm (HLA) dis-
taper adaptor. The arrows represent the taper engagement level. tance (bold black line). The HLA is the horizontal distance (in mm) from a line 
through the axis of the neck to the tip of the bearing surface (broken line) and 
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Fig . 2 
Image from coordinate measuring machine (CMM) analysis of the 
Corail taper seen in Figu re 1. The boldest red areas indicate the areas 
of maximal wear (i.e., the taper engagement level). 
the Pinnacle system (DePuy) that uses an "Articuleze" 
femoral head). 
All the femoral heads in the study had been used in com-
bination with DePuy stems that were manufactured from 
titanium (TO-aluminium (AI)-vanadium M alloy (Ti6AI4V). 
These stems were Corails and Summits (both DePuy). 
As all but one of the implanted Pinnacle devices had a 
bearing diameter of 36 mm (the exception being 40 mm), 
the Pinnacle devices were initially analysed separately 
from the ASRs. The ASR bearing diameters varied in size, 
with a median of 22.75 mm (39 to 57)- In this way two 
groups were created and analysed as separate entities in 
order to eliminate potentially confounding variables: 
1) the ASR group (ASR bearing surface with Corail or 
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Su mmit stems; n = 63); and 2) the Pin nacle group 
(Pinnacle MoM system with Corail or Summit stems; 
n = 48)_ 
Visual inspection. In modular junctions with obvious 
macroscopic changes there was invariably a localised site 
of maximal damage where the taper had appeared to 
engage_ The distance of this level of damage from the 
articular bearing surface we refer to from here on as the 
taper engagement level (TEL) (Figs 1 and 2)_ Using simple 
trigonometry and accounting for the anteroposterior 
plane only, we calculated the maximal possible lever arm 
acting on the TEL in the superior inferior direction_ 
Figure 3 shows how this effective horizontal lever arm 
(HLA) distance was calculated. The lever arm distance is 
increased by an increasing head offset, increasing bearing 
diameter and an increasingly varus neck shaft angle_ 
Statistical analysis. The linear and volumetric wear rates 
of the tapers were examined using the Shapiro-Wilk test 
for normality and found to be non-parametric. Spearman 
rank correlation was therefore used to examine the rela-
tionships between taper wear rates and a number of vari-
ables: taper angle (obtained from unworn areas); bearing 
diameter; angles of inclination and anteversion of the ace-
tabular component; the distance from the centre of rota-
tion (COR) to the TEL; the HLA distance; volumetric 
bearing surface wear rates and nominal head offset. The 
effect of clearance on taper wear was also examined 
using the same method. A p-value < 0.05 was considered 
statistically significant. 
Results 
A total of 111 hips were available for analysis. There 
were 63 ASRs XL heads (12 Summit stems and 51 Corail 
1 
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Table 11. Details for the Articu lar Surface Replacement (ASR) standard tapers in which a taper engage-
ment level (TEL) was easily identified versus those in which there was no such finding (and the compo-
nents were indistinguishable from a sterile component) 
Characteristics TEL Identified No TEL Iden t ified 
(median and range ) (n = 48) (n = 15) p-va lue 
Duration in vivo (mths) 34 (14 to 64) 29 (11 to 60) 0.232 
Taper angle (0) 5.670 (5.568 to 5.798) 5.645 (5.592 to 5.698) 0.084 
Diametral clearance (IJm) 83.4 (72.0 to 116) 84.0 (72.6 to 114.2) 0.328 
Horizontal lever arm distance (mm) 18.90 (9.37 to 25.48) 17.74 (10.79 to 20.68) 0.153 
Size (mm) 45 .94 (38.49 to 52.51) 44.57 (40.51 to 49.10) 0.262 
Surface wear (mm 3/yr) 2.32 (0.46 to 82.5) 2.87 (0.59 to 10.75) 0.517 
* Mann-Whitney U test 
Table Ill. Details of the Articuleze tapers in which a taper engagement level (TEL) was easily identified 
versus those in which there was no such finding (and were indistinguishable from a sterile component) 
Chara cteristics TEL Identified No TEL Identifi ed 
(median and range) (n = 25) (n = 23 ) p -va lue -
Duration in vivo (mths) 42 (12 to 74) 43 (12 to 75) 0.961 
Taper angle (0) 5.639 (5.584 to 5.685) 5.629 (5.557 to 5.672) 0.471 
Diametral clearance (IJm) ,88.8 (70.2 to 112.8) 89.6 (70.2 to 119.4) 0.855 
Horizontal lever arm distance (mm) 17.94 (10.26 to 24.53) 16.04 (12.34 to 20.89) 0.007 
Surface wear (mm 3/yr) 2.03 (0.51 to 6.29) 3.57 (0.51 to 13.67) 0.069 
* Mann-Whitney U test 
Fig.4 
SCanning electron microscopy (SEM) images of an area of unworn manufac-
tured taper surface (left) and an area deeper in the same taper that shows the 
Il11print of the machining grooves of the trunnion (right). Note: images are at 
the same level of magnification. 
stems) and 48 Articuleze heads (47 Corails and one 
Summit). A tota l of 38 tapers (34%) exhibited no iden-
tifiab le surface change on visua l inspection. Volumetric 
and linea r wear analysis showed little or no distinction 
between these tapers when compared with unused, 
steri le ta pers used as contro l speci mens. Wear depths 
were less than 5 IJm in each case. These components 
~ere revised secondary to the effects of excessive bear-
Ing surface wear, unexplained pain or pain due to 
loosened fe mo ral/acetabular com po nents. Tables 11 and 
III show the differences in tapers found to have obvious 
IELs/surface change and those without. The majority of 
retrieved specimens (n = 73) were found to have grossly 
abnormal taper surfaces . The patterns of surface 
Changes were remarkable in their similarity. Figure 1 
Shows the macroscopic appearance of a typical sample. 
Essentially an area of significant damage could be seen 
(a nd ofte n eve n palpated) in a loca li sed circumferential 
band that corres ponded to t he insert ion of the base of 
the t runn ion (Figs 1 and 2). Proximal to this band (in 
anatomical terms), the trunnion had left an imprint of 
its machining grooves (Fig. 2) . Scanning electron 
microscopy (SEM) images confirmed this phenomenon 
(Fig. 4). CMM wear analysis showed that the most dam-
aged area in visual terms corresponded to the area with 
the maximal wear depths (Fig . 2). This was identified as 
the TEL. The areas in which the CMM showed there had 
been material loss were analysed using the SEM. It 
appeared that the ridges formed by the trunnion 
grooves had been flattened somewhat in these regions. 
Multiple pits had developed. The pits were localised, 
approximately ten microns in diameter and appeared to 
be partially filled with inclusion bodies (Fig. 5). Due to 
the imbedded particulate matter, it appeared likely that 
the surface changes had occurred primarily due to a 
mechanical process. Energy dispersive X-ray spectros-
copy (EDX) analysis showed that the pits were rich in 
chromium and the presence of small amounts of chlo-
rides and oxides suggested that corrosion was occur-
ring locally. The surface immediately surrounding these 
pits showed no changes from the manufactured alloy. 
There was no difference identified between the patterns 
of surface change between the ASR and Articuleze 
specimens . 
The effect of bearing surface wear, clearance and off-
sets. Taper linear and volumetric wear rates appeared to 
be unaffected by variations in clearance or bearing sur-
face wear rates . There was a trend towards increasing 
taper damage and increasing head offset (Table IV) . 
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Fig. 5 
Scanning electron microscopy (SEM) images of a taper that has experienced 
greater wear, at the same level of magnification as in Figure 4 (left), showing 
that the peaks and troughs caused by the impression of the machining 
grooves have been sheared off, leading to significant material loss, and at a 
higher magnification (right), showing the form ation of pits with inclusion 
bodies, probably as a result of mechanical wear 
Table IV. Relationships between the measured volumetric wear rates of 
the taper surfaces and the examined variables. Results are shown as Spea r-
man's rank correlations with p-values in parentheses. Significant results are 
in bold 
Artlculeze (n = 48) ASR' XL (n = 63) 
Surface wear -0.236 (p = 0.136) 
Bearing dia meter 
Taper angle 0.235 (p = 0.108) 
Head offset 0.323 (p = 0.027) 
Distance (taper engagement 0.321 (p = 0.034) 
level to centre of rotation) 
Horizonta l lever arm 
distance 
0.408 (p = 0.008) 
• ASR, Articular Surface Replacement 
0.003 (p = 0.982) 
0.150 (p = 0.249) 
0.383 (p = 0.002) 
0.278 (p = 0.091) 
0.363 (p = 0.006) 
0.380 (p = 0.004) 
Table V. Compari son of linear and volumetric wear rates of the Articuleze 
versus Articular Surface Replacement (ASR) XL tapers 




1.39 (0.24 to 106.6) 5.92 (0.57 to 32.78) < 0.001 
Mean volumetric 0.127 (0.01 to 3.15) 0.44 (0.02 to 8.34) < 0.001 
wear rate 
(mm1/yr) (range) 
• Mann-Whitney U test 
The effect of bearing diameter, When the two groups 
Were compared directly, the ASR tapers were found to 
have significantly greater rates of volumetric and linear 
Wear than the Pinnacle tapers (Table V). 
Analysis ofthe samples as a whole. Figure 6 shows the 
significant relationship between HLA distance and linear 
Wear rate of the tapers when all samples were included in 
the analysis (Spearman rank correlation = 0.527, 
P < 0.001). The same rank correlation using only the 
Articuleze group (to control for bearing diameter as a 
variable) was 0.472 (p = 0_002). For the ASR XL group it 
Was 0.416 (p = 0.002). 
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Scatter graph showing the relationship between linear wear rates of 
the taper su rfaces and the horizontal lever arm (HLA) distance (all taper 
components included) (ASR, Articular Surface Replacement). 
Table VI . Spearman rank correlation of taper wear rates versus 
acetabular component angles of inclination and anteversion. All 




Linear wear rate 
(pm/yr) 
-0.073 (p = 0.564) 
-0.013 (p = 0.916) 
Volumetric wear 
rate (mm) Iyr) 
-0.071 (p = 0.572) 
-0.013 (p = 0.917) 
The effect of orientation of the acetabular component. 
No significant relationship was identified between cup 
inclination or anteversion and taper wear (Table VI)_ This 
was consistent with the lack of correlation between sur-
face wear and taper wear (Table IV). 
Trunnion analysis. There were 11 Corail stems available 
for analysis. Volumetric analysis proved difficult. This was 
due to the apparently less tightly controlled manufactur-
ing form of the trunnions (which was confirmed on ster-
ile, unused specimens). Despite this limitation, wear 
depths appeared to be indistinguishable from manufac-
turing variation, in that there was no measurable wear 
over the intended articular area of the trunnions. We were 
unable to measure the trunnions base in seven of the 
11 samples as damage had occurred during extraction. 
Of the four loose stems that had not suffered damage 
during explantation, there was no measurable wear_ SEM 
analysis of the trunnions also identified no obvious areas 
of wear or corrosion although further investigation of the 
retrieved stems is ongoing. 
Discussion 
This paper contains an in-depth examination of the mod-
ular junction of failed contemporary MoM THRs. It is the 
largest of its kind in existence. In past research papers 
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taper junctions have been examined using visual 
scales. 12,16 To our knowledge, no accurate quantification 
of volumetric material loss has previously been pub-
lished. The results presented in the current paper show 
that significant volumetric material loss can take place at 
the modular junctions of modern large diameter THRs. 
This material loss can exceed that taking place at the bear-
ing surface. The consistent pattern and location of maxi-
mal damage on the female taper is consistent with 
mechanical incompetence. 
Is taper failure due to the MoM bearing surface. It is 
unquestionable that conventional THR is an extremely 
successful procedure. The 10-year survival of the most 
common hip prostheses used in Sweden is now over 
95%.17 This is in contrast to the latest published results of 
large-diameter MoM THR systems that offer a 13.6% revi-
sion rate at seven years.4,6 The smaller 28 mm Metasul 
MoM bearing (Zimmer, Warsaw, Indiana) however 
appears to be functioning relatively successfully in a 
number of patients at long-term follow-up.1s It therefore 
seems unlikely from the evidence that the MoM bearing 
Surface per se is the problem with the latest generation of 
MoM THRs. The stems associated with failure in this series 
are, without exception, titanium alloys. The practise of 
COupling a Ti stem with a CoCr taper has raised concerns 
of mixed material combinations leading to galvanic corro-
sion. 19 However, Ti stems have been implanted with CoCr 
heads for many years with limited reports of gross clinical 
failures. 2o It is unlikely either, therefore, that it is simply a 
mixed material coupling that is the root cause of failure. 
~ndeed, previous reports of taper junction failures have 
Included similar metal modular hipsY 
So why are tapers failing in the 21 st century? There 
have been three obvious changes to the most recent 
deSigns of large-head MoM hips that we believe to be of 
Paramount importance. 
1. A change in trunnion dimensions. Trunnions have 
become shorter in length . The trade name of the DePuy 
taper of the standard group in this study is in fact the 
"A rticuleze Mini Taper" (AMT). This is not a design 
Change specific to DePuy. In fact, most commonly used 
trunnions are now only 10 mm to 12 mm in length. 
'hese changes were brought about to reduce the trun-
nion's 'skirt' in order to increase the impingement-free 
range of movement. However, a reduction in length 
~eans that the base of the trunnion now often sits 
Inside the taper. This increases the possibility of edge 
~Oading of the trunnion base. The subsequent increase 
In localised stress likely explains the circumferential 
Pattern of surface damage seen on the standard stem 
~aper surfaces in this investigation. Trunnions have also 
een slimmed down from 16 mm/14 mm diameter 
canes to the commonly used 14 mm/12 mm cones. A 
smaller diameter taper means less surface area for a 
;Uccessful interference fit and increases the potential 
Or tnicromotion. 
2. A change in trunnion surface. Most contemporary 
trunnions now have a ridged surface that has been 
machined into the material in order to accommodate 
ceramic heads. This makes financial sense for companies 
so they can manufacture one stem for multiple bearing 
surfaces. The machining grooves of the standard trun-
nion had left an imprint on the failed tapers in this study. 
We speculate that this plastic deformation of the taper 
surfaces leads to altered contact stresses and a potential 
for increased wear. The localised pits we observed may 
then allow secondary corrosion to take place over a 
greater surface area. 
3. A trend for increasing head size. Larger diameter bear-
ings have the potential to produce less wea~l and are less 
likely to dislocate.22 Understandably, these benefits proved 
irresistible to industry and surgeons alike. While head sizes 
increased through the years from 22 mm versions to a stan-
dard size male resurfacing femoral component of approxi-
mately 52 mm, there was no compensatory change in the 
morphology of the taper junction. In fact, as head sizes 
increased, taper junction sizes decreased (as described 
above). The findings of this retrieval analysis suggest that, 
while bearing diameter is significant, it is far from the only 
factor. In the ASR XL group in this study, head size was only 
weakly associated with taper wear rates. HLA distance 
proved to be the strongest predictor of taper wear rate in 
both groups. Consistent with this finding, when bearing 
diameter was eliminated as a variable (examination of the 
Articuleze group separately), the effect of an increased HLA 
distance became even more significant. 
Frictional torque. An explanation for the damage 
observed at the modular junctions of large diameter hip 
systems could be the increased frictional torque that is 
generated by the bearing surfaces. This mechanism of 
failure has support from experimental studies involving 
metal-on-polymer articulations. 23 However, we can offer 
no physical evidence of a torsional force from this series of 
retrieved MoM explants. We have described in our previ-
ous work that the thumb printed wear pattern consis-
tently identified on the tapers matched with SROM 
stems.s This pattern of surface change is contrary to the 
idea that the femoral components are turning on the 
trunnion. Moreover, in this study the site of maximal 
taper damage was always found on the opposite side of 
the head to the location of the wear scar of the head (gen-
erally the posteroinferior aspect of the taper). This impor-
tant finding implies a toggle effect with the mechanical 
action itself causing damage to the taper surface and 
opening the junction to the potential corrosive effects of 
physiological fluids. Finite element analysis studies of the 
stress distribution on large diameter THRs are consistent 
with the location of damage identified on the tapers in 
this study. 24 Another argument against a torque issue is 
the absence of a significant relationship between bearing 
surface wear rates and taper wear rates. It is possible, 
however, that frictional torque initially destabilises the 
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Boxplot showing the distribution of head taper angle in all retrieved 
implants in the study. The box represents the media n value and inter-
quartile range (IQR) and + the m ean value. The whiskers correspond 
to the limits of the data, beyond which values are considered anom-
alous C, outtiers;·, extreme outliers; ., upper and lower values). The 
bold rectangle represents the area outside of which excessive micro-
motion has been shown to take place by finite element analysis.2s 
femoral component and then, combined with the joint 
reaction force, effectively screws it down the trunnion. 
This theory might explain why the trunnion bases have 
appeared to penetrate the taper surfaces so deeply at one 
level. Once the TEL is firmly established, it may be that a 
toggle effect then predominates. 
Manufacturing tolerances. Small variations in the taper 
and trunnion angles may cause a defined TEL when the 
head is impacted at primary surgery. Tapers and trun-
nions are manufactured to a specific tolerance in terms of 
angles and dimensions. The tolerance band for the taper 
angles in this series is ±O.069° according to the manufac-
turer's data. There is evidence from a previous finite ele-
ment analysis (FEA) that even tiny variations in taper and 
trunnion angles could be critical.25 Shareef and Levine25 
stated that 'the magnitude of micromotion _ .. varied 
between 4 and 26% with increasing values of angle toler-
ance from zero to 1 minute on the male component'. One 
minute is equivalent to O.016r. The taper angle toler-
ance stated by DePuy is four times this value (Fig . 7). The 
same FEA report stated that 'off axis loading caused the 
female component to tip such that the micromotion on 
one side is roughly twice that on the other side,.25 This 
view is consistent with our findings of taper damage 
more pronounced on one side than the other. It is there-
fore likely that taper trunnion angle mismatch is impor-
tant but something we cannot investigate further until 
more femoral stems are analysed. 
In a perfect situation, the femoral component is 
impacted on the trunnion . A stable interference fit 
results, minimising localised stresses, the Morse taper 
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functions adequately and there is no ingress of biolog-
ical fluids. We propose a chain of events resulting in the 
damage observed at the taper junctions in this series. If 
we assume initially that the taper and trunnion angles 
are significantly mismatched the trunnion engages 
with the taper at the base of the trunnions. As a result, 
there is a localised concentration of stress at this level. 
The TEL may be put under greater stress if it is support-
ing a larger diameter head, is connected to a varus 
stem, or is in a lateralised position (increased head off-
set) . Micromotion ensues, opening up the taper junc-
tion to body fluids. Localised corrosion, secondary to 
removal of material by mechanical (wear) and chemical 
(corrosive) processes leads to metal ion/particulate 
release. Further damage at the TEL leads to penetration 
of the trunnion further into the taper potentiating the 
effects described above. 
Clinical implications of the mechanism of taper failure. 
As described above, it has been a matter of debate 
whether it is primarily an increase in frictional torque or 
an increase in moment arm that is the underlying prob-
lem with these devices. The answer to this question has 
real implications for the present and future of hip arthro-
plasty. If the primary problem is an increase in moment 
arm then all hard-on-hard bearing surfaces with taper 
configurations similar to those described here must be 
considered at risk of taper failure . In light of recently pub-
lished literature, we have serious concerns that all large 
diameter bearings could indeed be affected in a similar 
way to those described in this paper.26 As, on the basis of 
commercial sensitivity, most orthopaedic manufacturers 
do not divulge their precise implant specifications we 
cannot comment in this paper on other manufacturers' 
MoM devices. What can be stated is that ceramic-on-
ceramic (CoC) devices were designed to medialise the 
TEL, with the aim being to protect the ceramic material 
from stresses that may cause fracture. The resultant 
reduction in HLA distance may also confer protection to 
the taper. Indeed, CoC devices should also be protected 
somewhat from the effects of frictional torque as the 
smooth wettable ceramic bearing surfaces have a lower 
coefficient of friction than MoM bearing surfaces.27 A 
ceramic taper could also be expected to be less vulnera-
ble to the effects of wear and corrosion. In spite of this, 
our advice to surgeons would be to urgently re-evaluate 
their need to implant large diameter bearing surfaces, 
irrespective of the bearing surfaces, in these times of 
uncertainty. 
The authors would like to thank Mr C. Tulloch and Mr R. Logishetty, Orthopaedic 
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• HIP 
Blood metal ion testing is an effective 
screening tool to identify poorly 
performing metal-on-metal bearing 
surfaces 
Objectives 
The aims of this piece of work were to: 1) record the background concentrations of blood 
chromium (Cr) and cobalt (Co) concentrations in a large group of subjects; 2) to compare 
blood/serum Cr and Co concentrations with retrieved metal-on-metal (MoM) hip 
resurfacings; 3) to examine the distribution of Co and Cr in the serum and whole blood of 
patients with MoM hip arthroplasties; and 4) to further understand the partitioning of 
metal ions between the serum and whole blood fractions. 
Methods 
A total of 3042 blood samples donated to the local transfusion centre were analysed to 
record Co and Cr concentrations. Also, 91 hip resurfacing devices from patients who had 
given pre-revision blood/serum samples for metal ion analysis underwent volumetric wear 
assessment using a coordinate measuring machine. Linear regression analysis was carried 
out and receiver operating characteristic curves were constructed to assess the reliability of 
metal ions to identify abnormally wearing implants. The relationship between serum and 
whole blood concentrations of Cr and Co in 1048 patients was analysed using Bland-Altman 
charts. This relationship was further investigated in an in vitro study during which human 
blood was spiked with trivalent and hexavalent Cr, the serum then se parated and the 
fractions analysed. 
Results 
Only one patient in the transfusion group was found to have a blood Co > 2 ~g/ I. Blood/ 
Serum Cr and Co concentrations were reliable indicators of abnormal wear. Blood Co 
appeared to be the most useful clinical test, with a concentration of 4.5 ~g/I showing 
sensitivity and specificity for the detection of abnormal wear of 940/0 and 950/0, respectively. 
Generated metal ions tended to fill the serum compartment preferentially in vivo and this 
was replicated in the in vitro study when blood was spiked with trivalent Cr and bivalent Co. 
Conclusions 
Blood/serum metal ion concentrations are reliable indicators of abnormal wear processes. 
Important differences exist however between elements and the blood fraction under study. 
Future guidelines must take these differences into account. 
Keywords: Metal-an-metal, Chromium, Cobalt, Arthroplasty, Hip resurfaci ng, ARMD, Volumetric wear, Metal ions 
Article focus 
• Documentat ion of blood metal io n con-
cent rations in a large group of hea lthy 
voluntee rs 
• The relationship between serum and 
whole blood concentrations of chromium 
(Cr) and cobalt (Co) and volumetric wea r 
of hip resurfacing compone nts 
• A description and investigation of the 
d istribution of Cr and Co ions in the 
serum and whole blood fract ions of 
patients with metal-on-metal (MoM) hip 
arthroplasty 
Key messages 
• There is a small va riation in metal io n 
conce ntrations in the background 
population re lative to the concentra-
tions prod uced by MoM arthrop lasty of 
the hip 
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• Cr and Co concentrations in the serum and whole 
blood fractions are closely related to the wear rates of 
explanted prostheses 
• Co appears to be a more reliable indicator of abnor-
mally wearing prostheses 
Strengths and limitations 
• Most of the results have been drawn from a single 
area of the United Kingdom. It is unclear whether the 
results can be extrapolated to areas further afield 
• There was a relatively small number of 'normally 
wearing' prostheses that had failed 
Introduction 
Adverse reaction to metal debris (ARMD) is a term used to 
describe a range of local pathologies seen in association 
with metal-on-metal (MoM) hips that include soft-tissue 
necrosis, large sterile joint effusions, metal staining of tis-
sues, pseudotumours and osteolysis.l ,2 Rates of ARMD-
related failure of up to 49% have been reported at six years, 3 
but others have reported failure rates as low as 0.10%.4 
Although the extent of soft-tissue lesions does not 
appear to be dose-related to metal debris exposure,2 
there is accumulating evidence to show that such reac-
tions are far more likely to develop if a MoM prosthesis is 
Wearing at a greater rate than expected.2,5 There is cur-
rently no convincing evidence in the literature document-
ing a severe tissue reaction to a well-functioning (in 
tribological terms) MoM prosthesis. 
At present there is no consensus as to what blood con-
centrations are indicative of an abnormally wearing 
metal hip. Nor is there consensus as to the interchange-
ability of serum and whole blood results for the detec-
tion of abnormal wear, or even whether chromium (Cr) 
Or cobalt (Co) is the most useful element to measure. 
This has led to confusion among surgeons and patients. 
Normal background concentrations of Cr and Co have 
not even been documented in a large sample size of 
Patients using modern analytical techniques. Further-
more, while the long-term effects of systemic exposure 
to high concentrations of Cr3+ and C02+ metal ions are 
u.nknown, Cr6+ (hexavalent chromium) is a proven car-
~lnogen,6 and it is also unknown whether or not MoM 
joints generate this species of Cr. 
The purposes of this study were: 1) to record back-
ground concentrations of blood Cr and Co concentra-
tions measured using the latest techniques in a large 
~Umber of healthy subjects; 2) to compare blood metal 
IOn concentrations with the measured volumetric wear of 
retrieved prostheses in order to identify levels indicative 
~! P~orly functioning hip resurfacings; 3) to examine the 
Istnbution of Co and Cr in serum and whole blood of 
Patients with MoM hip arthroplasties; and 4) to further 
Understand the partitioning of Cr ions between the 
serum and whole blood fractions and investigate the 
Potential release of hexavalent Cr. 
Materials and Methods 
Background concentrations of Co and Cr in a healthy 
population. A study was begun in 2007 to analyse the 
background environmental exposure to various heavy 
metals in the North of England, which has reported to the 
sponsor but not published data as of yet. We obtained the 
Cr and Co blood results from this study to use as a refer-
ence point to compare with those obtained from patients 
with MoM joints. Blood samples were taken from a ran-
dom sample of informed volunteers from the National 
Blood Service (NBS), which is part of the NHS Blood and 
Transplant (NHSBT) service. The population under study 
was from the areas of Northumberland, Tyne & Wear, 
Cumbria and Durham. The total population is approxi-
mately 2.5 million people (2001 census datal), although 
only a small proportion of the population donate blood 
(estimated to be around 4% by the NBS8). The study pop-
ulation consisted of subjects aged between 17 and 70 
years who had passed the screening health protocols for 
the NBS. Pregnant women and those with children up to 
nine months old were excluded, as were transient popu-
lations. It was not known whether individuals had metal-
lic implants at the time of venesection. When a blood 
donation was taken, the first 8 ml to 12 ml were diverted 
into a sample pouch and then in to two BD Vacutainer 
Plus Blood Collection Tubes (Beckton Dickson, Franklin 
Lakes, New Jersey) containing K2EDTA (ethylenediamine-
tetraacetic acid). Cr and Co analysis was performed using 
inductively coupled plasma mass spectroscopy (ICPMS) 
(X-Series 11; Thermo Electron Corporation, Bremen, Ger-
many) with Collision Cell Technology (CCT) using 7.5% 
(v/v) hydrogen (H2) in helium (He) as the collision gas, 
with in-sample switching between CCT and normal 
modes. ICPMS is currently accepted to be the preferred 
mode of blood metal ion measurement.9 Limits of detec-
tion (LoD) were 0.63 I-Ig/I and 0.11 I-Ig/I for Cr and Co, 
respectively. These analyses were carried out at a centre 
that participates in the Trace Element Quality Assurance 
Scheme (TEQAS).lO This scheme is a collaboration 
between seven centres in the United Kingdom that per-
form trace element analysis using the same techniques 
and regularly monitor results between units to ensure 
reproducibility. lo Additionally the laboratory takes part in 
the Quebec Multielement External Quality Assessment 
Scheme (QMEQAS).l1 Both include Cr and Co and perfor-
mance in these schemes is consistently within the accept-
able ranges quoted. Ethical approval was sought and 
given through the National Research Ethics Service 
(NRES), part of the National Patient Safety Agency (ref: 07/ 
Q0901/20). 
How do metal ion concentrations relate to volumetric 
wear of retrieved MoM hip resurfacing prostheses? In 
2008 a prospective study was commenced at the School 
of Mechanical and Systems Engineering at Newcastle 
University to analyse failed MoM hip prostheses. The 
study was conducted after approval from the Local 
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Fig. 1 
16 
Plot showing the measurement error of our volumetric wear assessment 
compared with the gold-standard gravimetric test. 
Research Ethics Committee of County Durham and Tees 
Valley. All mated (head and acetabulum) components 
retrieved from patients between 2008 and 2012 with 
failed unilateral hip resurfacings and pre-revision sur-
gery whole blood samples were included in this analy-
sis. Blood samples were taken using an intravenous 
catheter (Insyte-WTM; Becton Dickinson). After the cath-
eter had been introduced, the metal needle was 
removed in order to avoid contamination from the 
needle. A second 5 ml were collected using a Venflon 
vacuum tube. Blood was placed into EDTA tubes. Con-
centrations of Cr and Co were determined using ICPMS 
at the Biochemistry Department, Royal Surrey County 
Hospital. The quantification limits for both elements 
were less than 0.2 I-Ig/I and the within assay reproduc-
ibility was 2% at a concentration of 8 I-Ig/1. This labora-
tory demonstrates excellent accuracy in international 
trace elements external quality assessment schemes and 
is one of the participants of the United Kingdom TEQAS. 
Exclusion criteria were: the presence of other metallic 
implants; loose CoCr backed components; gross immo-
bility at the time of the blood test (University of Califor-
nia, Los Angeles (UCLA) activity score 12 of 1) and or 
abnormal renal function tests (blood urea nitrogen and 
creatinine). 
The bearing surfaces of the retrieved components 
underwent volumetric wear assessment using a Legex 
322 coordinate measuring machine (CMM; Mitutoyo, 
Tokyo, Japan). The CMM has an accuracy of 0.8 I-Im. 
Between 4000 and 7000 points were taken from each 
component and the total material loss in volumetric 
terms was calculated using a dedicated Matlab program 
(Mathworks, Natick, Massachusetts) that has been vali-
dated previously.13 
The relationship between metal ion concentrations and 
bearing surface wear rates was examined using linear 
regression after the data had been log normalised. 
Receiver operating characteristic (ROC) curves were con-
structed to assess the sensitivity and specificity of 
VOl. 2, No. 5, MAY 2013 
different blood fractions and different metals to detect 
abnormal wear. 'Abnormal wear' was defined for the pur-
poses of this paper after consideration of two factors: 
1. Heisel et al 14 showed that the volumetric loss during 
the 'running in' phase of hip resurfacings is approxi-
mately 1.5 mm 3 . Thereafter, wear rates are believed to 
decelerate and it is generally accepted that a well-func-
tioning MoM bearing surface should produce < 1 mm 3 of 
volumetric wear per year once the steady state is 
achieved.15 Our own analysis of the wear of explanted 
large-diameter MoM joints showed that this is a reason-
able assumption. 3 
2. In addition to our previous published examination of 
the accuracy of the method of volumetric wear assess-
ment, we performed a further 30 gravimetric tests on a 
resurfacing head and acetabular component as we had 
further enhanced our scanning techniques since the previ-
ous publication. This showed that the median error was 
+0.034 mm3 percomponentand the limits of the measure-
ment data were +0.530 to -0.283 (Fig. 1). The limits were 
calculated in a standard way for non-parametric data as 
follows: Lower limit of data (maximum under measure-
ment) = quartile (Q) 1 - 1.5(Q3 - Ql); Upper Iirnit (maxi-
mum over measurement) = Q3 + 1.5(Q3 - Ql). 
Taking into account the above factors, and given the 
variation in patient mobility (patients with higher activity 
levels may subject their joints to 6 million cycles per 
year16), we conducted several ROC analyses defining an 
'abnormal wear' rate first at a value of 2.0 mm3/year for 
the steady state phase (comfortably above what is gener-
ally considered normal) and then 3.0 mm 3/year (a figure 
based on our previous work 13) in an attempt to accom-
modate patients with high activity levels. We conducted 
further analyses in order to determine the effects of max-
imum over and under estimates of wear to give worst out-
come sensitivity and specificity values. 
The relationship between Cr and Co concentrations in 
serum and whole blood samples of patients with MoM 
arthroplasty of the hip. Metal ion analysis of whole 
blood and serum samples is carried out as part of routine 
follow-up of patients with MoM hip implants at the Univer-
sity Hospital of North Tees. We collected all available corre-
sponding serum/whole blood samples taken from patients 
with MoM joints at the hospital up to 2011. Patients had 
been implanted with Articular Surface Replacement hip 
resurfacings (ASR; DePuy, Leeds, United Kingdom), Bir-
mingham Hip Resurfacings (BHR; Smith and Nephew, War-
wick, United Kingdom), the ASR XL total hip replacement 
(THR) (DePuy) or the Pinnacle MoM THR system (DePuy). 
All these devices are manufactured from a similar high-car-
bon CoCr alloy. Blood samples were collected as previ-
ously described. No patients were excluded. 
Bland-Altman plots were constructed to assess the 
agreement between serum and whole blood concentra-
tions of Cr and Co. The calculated difference between 
serum and whole blood concentrations was plotted for 
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Fig . 2 
Graph showing the distribution of whole blood cobalt concentrations in 
3042 hea lthy volunteers. 
both Co and Cr. The ratio of serum to whole blood Cr 
concentration was then plotted against the mean of the 
two values, as the variability between the calculated dif-
ferences was found to increase as ion concentrations 
increased. Finally, the ratio of serum to whole blood in Cr 
Was then plotted against whole blood Cr in order to 
examine the partitioning of Cr between the two fractions 
as the overall Cr concentration increased. All the above 
tests were conducted initially with the samples from 
patients with hip resurfacings separate from those with 
THRs in order to identify differences in the metal ion gen-
eration between the two arthroplasty systems. 
In vitro study of er species distribution in human blood. 
Blood was collected from a healthy adult volunteer into a 
Container with EDTA as anticoagulant and also into a plain 
COntainer. The anti-coagulated blood was divided into a 
series of portions and each was spiked with solutions of 
C,-3+, Cr6+ or C02+, so as to increase the concentration by 0, 
2, 5, 10 or 40 I-Ig/1. These samples were further divided into 
fOur aliquots that were separated into plasma and washed 
red blood cells (RBCs) after 45 minutes and four, 24, and 
48 hours at room temperature in order to investigate the 
effect of time of sample collection to sample analysis. The 
non-anti-coagulated blood was immediately divided into 
Portions, similarly spiked with Cr3+, C~+, or C02+, allowed 
to clot and the serum separated. The concentrations of Cr 
and Co were measured in RBCs and serum by ICPMS. The 
blood was collected as a requirement for the trace elements 
external quality assessment scheme organised by the Bio-
chemistry Department, Royal Surrey County Hospital, 10 and 
had approval from the Surrey Research Ethics Committee. 
Statistical analysis. Windows SPSS v15.0 (SPSS Inc., 
Chicago, Illinois) was used for statistical analysis through-
out and XLSTAT (Addinsoft, New York, New York) was 
used for graphical representation. A p-value < 0.05 was 
considered to denote statistical significance. 
Results 
Background metal ion concentrations. A total of 
3042 patients gave samples. There were 1527 males and 
1515 females with a mean age of 45 years (16 to 72). The 
median Cr concentration was 1.5 I-Ig/I (0.6 (below detec-
tion limit) to 8.6), and for Co was 0.5 I-Ig/I (0.3 to 6.7). The 
Shapiro-Wilk test for normality showed that neither Cr nor 
Co was normally distributed (p = 0.001 and p = 0.002, 
respectively). A total of 98 patients (3.22%) were found to 
have blood Cr concentrations> 2 I-Ig/I, whereas only one 
patient (0.033%) was found to have a blood Co concentra-
tion > 2 I-Ig/1. The majority of patients (2831 of 3042, 
93.1 %) had a Co < 1 I-Ig/1. Figure 2 shows the distribution of 
Co concentrations. When patients were sub-divided by 
gender and age, median concentrations of Cr and Co in 
the various sub groups varied by no more than 0.1 I-Ig/1. 
How do metal ion concentrations relate to wear of MoM 
prostheses? In total, there were 91 retrieved resurfacings 
with corresponding pre-revision blood Cr and Co values. 
Of these, 13 patients did not have corresponding serum 
values, as the patients had been referred from hospitals 
where the serum fraction was not routinely tested. The 
indication for revision was ARMD in 82 hips (90.1%), 
loose titanium-backed acetabular components in two 
(2.2%), avascular necrosis (AVN) in two (2.2%), pain with 
an unknown cause in two (2.2%), and one case each of 
infection, painful impingement and uncomplicated fem-
oral fracture (Table I) . 
Neither volumetric wear rates nor blood ion concen-
trations were normally distributed (p < 0.001, Shapiro-
Wilk test). 
Linear regression using logged values of bearing sur-
face wear rates as the independent variable and logged 
blood/serum concentrations as the dependent variables 
returned adjusted R2 values of 0.855 for blood Co 
(p < 0.001) (Fig . 3),0.756 for blood Cr (p < 0.001),0.813 
for serum Co (p < 0.001) and 0.785 for serum Cr 
(p < 0.001). The equation of the best-fit line was used to 
normalise the logged values in order to translate the 
results into real clinical values. The results of the Co calcu-
lations are illustrated in Figure 4 and reported in Table 11. 
ROC analysis showed whole blood Co to have the most 
clinically appropriate sensitivity and specificity for the 
detection of abnormal wear. A whole blood Co concen-
tration of ~ 4.5 I-Ig/I appeared to be the most reliable clin-
ical threshold value after the consideration of the 
sensitivity and specificity as well as the confidence limits. 
Whole blood Co ~ 4.5 I-Ig/I had a sensitivity of 90.4% 
(95% confidence interval (Cl) 81.1 to 95.5) and specificity 
of 94.4% (95% Cl 72.0 to 100.0) for detecting abnormal 
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Table I. Explant patient demographics 
Characterist ic 
Implants (n) 
Mean age (yrs) (range) 
Male:female (n) 
Mean time to revision (mths) (range) 






Reason fo r revision (n, %) 
ARMDt 
Ava scular necrosis 




Uncomplicated femoral fracture 
Mean blood concentration (~g/ I ) (range) 
Chromium 
Cobalt 
Mean serum concentration (~g/ I) (range)l 
Chrom ium 
Cobalt 
Mean volumetric bearing surface wear rate 
(mm 3/yr) (range) 
91 
54 (29 to 68) 
38:53 











1 (1 .1) 
1 (1.1) 
14.7 (1 .24 to 123.2) 
16.0 (0.63 to 271.0) 
17.9 (1.9 to 186.7) 
15.2 (0.96 to 235.4) 
7.35 (0.50 to 138.1) 
• ASR, Articulating Surface Replacement; BHR, Birmingham Hip Resurfacing 
t ARMD, adverse reaction to metal debris 
t serum concentration va lues were only available for 78 patients 
y = 1.0906x + 0.1 3~. 
.' 
'. 
O.S 1.S 2 
Log bearing surface wear rate 
- Model ..... Confidence interval (Mean 9S%) 
- Confidence interval (Obs. 9S%) 
Fig . 3 
Graph showing the linear regression of blood cobalt (Co) concentration and 
rates of surface wear (using logged values). 
wear of ~ 2.0 mm3 per year (Fig. 5, Table Ill). When 
'abnormal wea r' was defined as that ~ 3 mm3 per year, 
cli nically the most useful threshold level appeared to be a 
blood Co concent ration of 5.04 I-1g/1. This va lue showed a 
sensitivity of 92.8% (95% Cl 83.7 to 97.2) and specificity 
of 95.5% (95% Cl 76.2 to 100.0) (Table IV) . 
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Fig. 4 
Graph showing the prediction of wear rates for given whole blood concentra-
tions of cobalt (Co), using the equation derived from the regression model 
(Fig. 3) with va lues normalised to provide clinically relevant figures (Table 11). 
The broken lines represent the 95% confidence interval. 
Table 11. Relevant clinical values of blood 
cobalt (Co) and thei r relationship to the volu-
metric bearing surface wear rate of the metal-
on-meta l joint (Cl, confidence inte rval) 
Whole blood Co 9 5% Cl rate of wea r 
(I-Ig/ I) ( m m]/year) 
0.5 0.47 to 0.64 
1 0.77 to 1.16 
2 1.26 to 2.10 
3 1.68 to 2.96 
4 2.07 to 3.79 
5 2.43 to 4.58 
10 4.00 to 8.28 
15 5.35 to 11 .7 
20 6.58 to 14.9 
30 8.80 to 21 .1 
40 10.8 to 27.01 
50 12.7 to 32.7 
100 20.9 to 59.0 
150 28.0 to 83.4 
200 34.4 to 107 
250 40.3 to 129 
300 46.0 to 151 
We performed further ROC analyses this time using the 
maximum possible over and estimates of wear from the 
wear calculations combined with the maximum and min-
imum reproducibility errorfrom metal ion analysis. There 
were only marginal changes in the results. The full data 
can be seen in Table V. 
As wear rates increased, there was a highly significant 
trend towards a disproportionate increase in serum Cr con-
centrations compared with the whole blood Cr concentra-
tion (Spearman Rank correlation = -0.646, P < 0.001). 
The distribution of metal ions in whole blood and 
serum fractions: in vivo study. A total of 1048 patients 
gave blood samples. Patient demographics are included 
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Fig . 5 
Graphs showing the sensitivity and specificity of whole blood cobalt (Co) and chromium (Cr) to identify abnormal wear defined as ~ 2 mm3/year (top row) 
and ~ 3 mm 3/year (bottom row) . 
in Table VI. The Bland-Altman limits of agreements 
between seru m and whole blood samples were -16.5 I-Ig/I 
to 16.6 I-Ig/I for Co, and -15.4 I-Ig/I to 18.71 I-Ig/I for Cr. 
The difference between Cr serum and whole blood 
became larger as Cr concentrations increased. The ratio 
of serum Cr to whole blood Cr stabi lised at approxi-
tllately 1.6 once an equivalent blood Co concentration 
of 20 I-Ig/ I was reached, the level above which gross 
tlletallosis (metal staining of peri-prosthetic tissues) is 
apparent (Fig . 6) .2,17 This relationship was almost iden-
tical to that observed in the resurfacing patients, imply-
ing there was no difference in the underlying 
tllechanisms of metal ion transport between hip resur-
facing and THR patients (Spearman correlation = -0.656, 
P .; 0.001). 
The distribution of metal ions in whole blood and 
serum fractions: In vitro study. Blood samples spiked 
with Cr3+ showed a preferential increase in Cr concentra-
tion in the serum fractions. This was in contrast to blood 
samples spiked with Cr6+, where there was a preferential 
increase in Cr in the RBCs (Fig. 7). Blood samples spiked 
with Co2+ also showed preferential increases in Co con-
centrations in the serum fraction. The regression line 
equation for samples stored in EDTA tubes was calculated 
to be [Co2+]serum = [Co2 + 14] x (1.6301 + 0.2323), 
which gave an R2 value of 0.993. 
The time from sampling to centrifugation had a very 
small effect on overall measured Cr concentrations and 
the distribution of the Cr species between the RBCs and 
serum, as did the type of tube used to collect the samples. 
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Table Ill. Sensitivity and specificity of whole blood cobalt (Co) and chromium (Cr) for ide ntifying abnorma l wea r 
defin ed as a wear rate 2: 2 mm 3 pe r yea r. The area-under-curve (AUC) value for Co was 0 .971 (95% confide nce 
interval (C l) 0 .965 to 0 .977) and 0 .959 (95% Cl 0.935 to 0.982) for Cr. The most clinically useful va lues after con-
sideration of sensitivity and specificity are bolded (PPV, positive predictive va lue; NPV, negative predictive value) 
Who le b lood (1I9/1) Sensitivity (95% Cl) 
COBALT 
1.900 0 .973 (0.898 to 0 .998) 
2.290 0 .959 (0.880 to 0.990) 
2.420 0.959 (0.880 to 0.990) 
2.470 0.959 (0.880 to 0.990) 
2.500 0.945 (0.862 to 0.982) 
2.800 0 .945 (0.862 to 0 .982) 
3.210 0 .932 (0.845 to 0 .973) 
3.260 0.918 (0.828 to 0.964) 
3.540 0 .904 (0.811 to 0 .955) 
4 .500 0.904 (0.811 to 0.955) 
4.700 0.890 (0.795 to 0.945) 
CHROMIUM 
5.720 0 .945 (0.862 to 0 .982) 
5.800 0.945 (0.862 to 0 .982) 
6.000 0.945 (0.862 to 0.982) 
6.280 0 .932 (0.845 to 0.973) 
6.860 0.932 (0.845 to 0.973) 
6.920 0.918 (0.828 to 0 .964) 
7.180 0.904 (0.811 to 0 .955) 
7.220 0.890 (0.795 to 0 .945) 
7.630 0.877 (0.779 to 0.935) 
7.850 0 .863 (0.763 to 0 .925) 
8.250 0.849 (0.747 to 0.915) 
8.370 0.849 (0.747 to 0.915) 
8.420 0.836 (0.732 to 0 .904) 
Discussion 
Adverse reactions to metal debris (ARMD) are an increas-
ingly recognised problem. There is a growing body of evi-
dence to suggest that the vast majority of these reactions 
are seen in association with abnormally wearing MoM 
devices.2,5 There are currently no clear guidelines on how 
to interpret metal ion results, aside from preliminary rec-
ommendations issued by the Medicines and Healthcare 
Products Regulatory Agency (MHRA).18 A review on the 
current state of MoM hips also acknowledged that there is 
no current cut-off level at which poorly functioning hips 
can be identified.19 
There are several reasons why it is desirable to identify 
abnormally wearing joints: 
1. ARMD may be a silent (pain-free) process.20 It is 
therefore inappropriate to design studies and formulate 
guidance where joints are labeled 'well-functioning' sim-
ply if the patient has no pain. True 'control' patients 
should also have evidence that their prosthesis is func-
tioning well in a tribological sense. 
2. Our previous work,2 which included assessment of 
the largest cohort of patients who had experienced failure 
of their joints secondary to ARMD, suggested that accel-
erated wear leaves patients at greatly increased risk of 
subsequent development of a catastrophic immune cas-
cade, which can culminate in extensive soft-tissue injury 
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Speclflclty (95% Cl) PPV NPV 
0.667 (0.435 to 0.837) 0 .922 0.857 
0.667 (0.435 to 0.837) 0 .921 0.800 
0.722 (0.487 to 0.876) 0.933 0.813 
0.778 (0.541 to 0.913) 0 .946 0.824 
0.833 (0.598 to 0.948) 0 .958 0.789 
0.889 (0.657 to 0 .979) 0.972 0.800 
0.889 (0.657 to 0 .979) 0.971 0.762 
0.889 (0.657 to 0 .979) 0 .971 0.727 
0.889 (0.657 to 0.979) 0 .971 0.696 
0.944 (0.720 to 1.000) 0 .985 0.708 
0.944 (0.720 to 1.000) 0 .985 0.680 
0.722 (0.487 to 0 .876) 0 .9 32 0.765 
0.778 (0.541 to 0.913) 0.945 0.778 
0 .833 (0.598 to 0.948) 0.958 0.789 
0.833 (0.598 to 0 .948) 0 .958 0.750 
0 .889 (0.657 to 0 .979) 0.971 0.762 
0.889 (0 .657 to 0 .979) 0 .971 0.727 
0.889 (0.657 to 0 .979) 0.971 0.696 
0 .889 (0.657 to 0 .979) 0 .970 0.667 
0.889 (0.657 to 0.979) 0 .970 0.640 
0.944 (0.720 to 1.000) 0 .984 0.630 
0.944 (0.720 to 1.000) 0 .984 0.607 
1.000 (0.789 to 1.000) 1.000 0 .621 
1.000 (0.789 to 1.000) 1.000 0 .600 
and/or osteolysis. The apparent tolerance of some 
patients to higher concentrations of metal debris may 
only be temporary. Notably, in our previous work where 
we had failed to identify any BHR patients with ARMD in a 
single-surgeon comparison series,21 four asymptomatic 
patients in this group with elevated blood metal ions 
went on to be revised for gross osteolysis within two years 
of the study. 
3. Normal, expected wear of MoM bearing surfaces is 
thought to lead to the removal of surface imperfections, 
generally considered as a self-polishing process occurring 
in vivo.22 It is believed that the resulting smoother sur-
faces can harness a naturally occurring lubricating film, 
which leads to improved wear characteristics.23 In con-
trast, abnormal wear processes lead to roughening of the 
bearing surfaces and impairment of lubrication.23 In this 
way, increased wear leads to further wear. Increased wear 
leads to greater host exposure to elevated concentrations 
of metal debris, and the long term systemic sequelae are 
unknown. 
This paper provides data to facilitate the development of 
guidelines for the interpretation of blood results in order to 
identify abnormally wearing implants in vivo. It includes 
comprehensive wear analysis of the largest collection of 
failed contemporary MoM bearings at an independent 
centre. This paper also includes analysis of the largest 
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Table IV. Sensitivity and specificity of whole blood cobalt (Co) and chromium (Cr) for identifying abnormal 
wear defined as a wear rate ~ 3 mm] per year. The area-under-curve (AUC) value fo r Co was 0.979 (95% confi-
dence interval (Cl) 0.968 to 0.989) and 0.958 (95% Cl 0.930 to 0.980) for Cr. The most clinically useful values 
after consideration of sensitivity and specificity are bolded (PPV, positive predictive value; NPV, negative predic-
tive va lue) 
Whole blood (pg/I) Sensitivity (95% Cl) Speclflclty (95% Cl) PPV NPV 
COBALT 
2.500 0.957 (0.874 to 0.989) 0.727 (0.515 to 0.870) 0.917 0.842 
2.800 0.957 (0.874 to 0.989) 0.773 (0.560 to 0.901) 0.930 0.850 
3.210 0.957 (0.874 to 0.989) 0.818 (0.607 to 0.931) 0.943 0.857 
3.260 0.957 (0.874 to 0.989) 0.684 (0.656 to 0.959) 0.957 0.964 
3.540 0.942 (0.855 to 0.981) 0.684 (0.656 to 0.959) 0.956 0.826 
4.500 0.942 (0.855 to 0.981) 0.909 (0.707 to 0.985) 0.970 0.833 
4.700 0.928 (0.837 to 0.972) 0.909 (0.707 to 0.985) 0.970 0.800 
5 _040 0.928 (0.837 to 0.972) 0.955 (0.762 to 1.000) 0.985 0.808 
5.640 0.928 (0.837 to 0.972) 1.000 (0.821 to 1.000) 1.000 0.815 
6.310 0.913 (0.819 to 0.962) 1.000 (0.821 to 1.000) 1.000 0.786 
CHROMIUM 
6.000 0.957 (0.874 to 0.989) 0.727 (0.515 to 0.870) 0.917 0.842 
6.280 0.957 (0.874 to 0.989) 0.773 (0.560 to 0.901) 0.930 0.850 
6.860 0.957 (0.874 to 0.989) 0.818 (0.607 to 0.931) 0.943 0.857 
6.920 0.957 (0.874 to 0.989) 0.864 (0.656 to 0.959) 0.957 0.864 
7.180 0.942 (0.855 to 0.981) 0.864 (0.656 to 0.959) 0.956 0.826 
7.220 0.928 (0.837 to 0.972) 0.864 (0.656 to 0.959) 0.955 0.792 
7.630 0.913 (0.819 to 0.962) 0.864 (0.656 to 0.959) 0.955 0.760 
7.850 0.899 (0.801 to 0.952) 0.909 (0.707 to 0.985) 0.969 0.741 
8.250 0.884 (0.784 to 0.942) 0.909 (0.707 to 0.985) 0.968 0.714 
8.370 0.884 (0.784 to 0.942) 0 .955 (0.762 to 1.000) 0.984 0.724 
8.420 0.870 (0.767 to 0.931) 
database of matched serum and whole blood samples in 
the published literature as well as the largest data set of Cr 
and Co blood concentrations in a healthy population. 
Background blood metal ion concentrations. The back-
ground metal ion data shown in this report is included to 
provide context to clinicians. The data obtained from 
these healthy volunteers are not intended to be inter-
preted as a control group, as they were neither age- nor 
gender-matched and it was unknown whether these 
Patients had metallic implants in their bodies. Despite 
this, the results show little variation in metal ion concen-
trations with an even smaller variation in Co compared 
With Cr concentrations. We speculate that this may be 
?ue to dietary variations24 or other factors such as smok-
Ing.25 Co has been shown to vary dynamically in response 
to exercise and it is therefore unsurprising that this ele-
ment appears to be the more reliable indicator of 
Wear.26,27 Analysis of Co is more easily conducted than Cr, 
and our own review of the literature from the last five 
Years shows blood median ion levels of Co are well-
matched irrespective of the laboratory or the country in 
Which studies were performed. The same cannot be said 
of Cr (Table VII). 28-31 
Use of metal ions to detect abnormal wear. A whole blood 
~o concentration ~ 5.04 ~g/I was found to be 93% sensi-
tive and 96.0% specific for detecting abnormal wear 
(defined at the generous arbitrary value of 3 mm3/year). 
0.955 (0.762 to l.000) 0.984 0.700 
Serum Co concentrations ~ 6.30 ~g/I also showed high 
sensitivity and specificity for the detection of abnormal 
wear. We believe therefore that either serum or whole 
blood Co can be used for metal ion screening tests. How-
ever, the use of whole blood eliminates the need for the 
separation of serum, an extra step for a lab technician and 
one in which contaminants can be introduced, and also 
provides a truer representation of systemic exposure. As 
our results suggest, wear products appear to fill the 
serum compartment preferentially (see below). The mea-
surement of whole blood metal ion concentrations there-
fore 'dilutes' the effect of transient increases in wear. 
However, the major limitation in studies of this kind is 
that the data are drawn from are an inherently biased 
sample, in that all of the examined prostheses failed early. 
It would be ideal to examine and compare with a control 
group, such as those implants that have outlasted their 
recipient. This could only be done practically with the 
establishment of an autopsy bank. 
Interchangeability of whole blood and serum. While 
serum and whole blood metal ion concentrations 
showed significant and strong correlation with each 
other, one fraction could not reliably predict the other; 
our results substantiate the conclusions of Daniel et al 32 
and Smolders et al33 who concluded that whole blood 
and serum concentrations cannot be used interchange-
ably due to the unacceptably wide limits of agreement. 
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Table V. Sensitivities and specificities of various blood fractions after maximal measu rement errors were taken into account 
(Cl, confidence interval) 
Fraction Value (119/1) Sensitivity (95% Cl) Speclflclty (95% Cl) 
Abnormal wear defined as?: 2 mml/yea r 
(maximum over measurement) 
Blood cobalt 4.50 0.904 (0.811 to 0.955) 0.944 (0.720 to 1.000) 
Blood chromium 7.85 0.863 (0.763 to 0.925) 0.944 (0.720 to 1.000) 
Serum cobalt 6.30 0.859 (0.751 to 0.926) 0.929 (0.661 to 1.000) 
Serum chromium 7.30 0.891 (0.787 to 0.948) 0.929 (0.661 to 1.000) 
Abnormal wear defined as ?: 2 mml/year 
(maximum under measurement) 
Blood cobalt 4.50 0.929 (0.839 to 0.972) 0.905 (0.696 to 0.984) 
Blood chromium 7.85 0.886 (0.787 to 0.943) 0.905 (0.696 to 0.984) 
Serum cobalt 6.30 0.902 (0.797 to 0.957) 0.941 (0.707 to 1.000) 
Serum chromium 7.30 0.902 (0.797 to 0.957) 0.824 (0.580 to 0.944) 
Abnormal wear defined as?: 3 mml/yea r 
(maximum over measurement) 
Blood cobalt 5.04 0.928 (0.837 to 0.972) 0.955 (0.762 to 1.000) 
Blood chromium 8.37 0.884 (0.784 to 0.942) 0.955 (0.762 to 1.000) 
Serum cobalt 6.30 0.917 (0.814 to 0.967) 0.944 (0.720 to 1.000) 
Serum chromium 7.70 0.917 (0.814 to 0.967) 0.889 (0.657 to 0.979) 
Abnormal wear defined as?: 3 mml/yea r 
(maximum under measurement) 
Blood cobalt 5.04 0.941 (0.853 to 0.981) 0.957 (0.770 to 1.000) 
Blood chromium 8.37 0.897 (0.799 to 0.951) 0.957 (0.770 to 1.000) 
Serum coba lt 6.30 0.932 (0.832 to 0.977) 0.947 (0.732 to 1.000) 
Serum chromium 7.70 0.932 (0.832 to 0.977) 0.895 (0.671 to 0.981) 
Table VI. Patient demographics of those who gave matched samples for serum and whole blood metal ion 
analysis 
Implant' 
Characteristic ASR/ASRTHR BHR/BHRTHR Pinnacle 
Patients (n) 416 165 467 
Male:female 245 :171 97:68 127:340 
Mean time in situ (mths) (range) 32 (1 to 82) 55.4 (18 to 79.2) 66 (12 to 109) 
Mean age (yrs) (range) 56 (25 to 83) 51 (32 to 68) 63 (21 to 83) 
Median whole blood (lJg/l) (range) 
Cobal t 2.53 (0.13 to 271) 1.82 (0.63 to 147) 2.13 (0.22 to 215) 
Chromium 5.82 (0.36 to 108) 6.19 (0.78 to 53.5) 5.30 (0.47 to 67.3) 
Median serum (lJg/l) (range) 
Cobalt 2.99 (0.20 to 228) 2.29 (0.65 to 190) 2.63 (0.37 to 204) 
Chromium 5.31 (0.42 to 115) 5.48 (1.30 to 92.9) 4.45 (0.62 to 108) 
• ASR, Articulating Surface Replacement; THR, total hip replacement; BHR, Birmingham Hip Resurfacing 
Compared with these two studies, our current study con-
tains a wider range of ion data due to the poor perfor-
mance of the ASR prosthesis. This allowed us to observe 
the trend of Cr preferentially storing in the serum 
compartment as ion concentrations increased in vivo 
(Fig. 6) . This phenomenon prompted us to design an in 
vitro study to investigate the distribution of Co and Cr 
ions in serum and whole blood with increasing concen-
trations of metallic load. 
The results of the in vitro study showed that Cr3+ (triva-
lent Cr) ions had a stronger affinity for serum while Cr6+ 
(hexavalent Cr) ions showed a preference for RBCs . When 
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blood was spiked with trivalent Cr in vitro, the in vivo dis-
tribution of Cr was replicated . This phenomenon pro-
vides indirect evidence that it is Cr3+ that is primarily 
released from MoM implants. These findings are further 
supported by the in vitro studies by Ordonez et ai, 34 who 
found Cr3+ to be associated with the serum protein trans-
ferrin in vitro, and by Merritt et al,35 who showed that 
Cr6+ ions generated from corrosion processes are prefer-
entially taken into RBCs rather than serum . These results 
are also consistent with the in vivo findings of Waiter 
et al. 36 The results of the current study prompted us to 
examine the haematocrit values of the blood samples 
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Fig. 6 
Plot showing the relationship between the ratio of serum to whole blood 
chromium (Cr) plotted against whole blood Cr concentration. The ratio of 
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Fig. 7 
Graph showing the plotted results for all patients in the study (n = 104B, 
green triangles), showing the relationship between whole blood and serum 
chromium (Cr) concentration. The best fit is represented by the solid black 
line (Spearman rank correlation r = 0.920, P < 0.001). The broken red line 
shows the relationshi~ between serum and whole blood Cr va lues after blood 
was spiked with Cr + and centrifuged and analysed within 45 minutes 
(y = 1.6257 + 1.151), and the blue line shows that when blood was spiked 
with Cr6+ the hexava lent Cr ions became bound preferentially to RBCs 
(y = 0.4499x + 1.307). 
Table VII. Previously reported median values of blood chromium (Cr) and cobalt (Co) in cohorts of patients with a Birmingham Hip Resurfacing (BHR) 
measured using inductively coupled plasma mass spectrometry 
Mean time to 
Authors Patients (n) Implant Laboratory venesection (yrs) Median Cr Median Co 




Langton et al29 70 BHR Royal Surrey County Hospital, 3.9 3.95 1.43 
United Kingdom 
Hart et al JO 88 82 BHRs 6 Cormets Imperial Healthcare College, 3.5 2.3 1.7 (majority resurfacings) London, United Kingdom 
Holland et al l 1 53 BHR Imperial Healthcare College, 10 1.74 1.67 
United Kingdom 
drawn from patients from whom the explants were 
retrieved. It was found that at lower levels of wear 
« 5 mm3/year), haematocrit concentrations signifi-
cantly affected the serum and whole blood Cr concentra-
tion ratio. A multiple regression model using whole 
blood Cr:serum Cr as the dependent variable and 
haematocrit and wear rate as the explanatory variables 
returned an R2 value of 0.345 (p = 0.002, with haemato-
crit coefficient = 0.480). This implied that at lower levels 
of wear, Cr concentrations were significantly affected by 
the pre-operative Cr concentration, which is likely to be 
stored preferentially in the RBCs. 35 At higher levels of 
Wear this relationship became progressively weaker, 
implying that the overall increase in Cr produced by the 
MoM device rendered the pre-operative Cr concentra-
tion insignificant. These factors warrant further discus-
sion elsewhere but the findings reinforce the idea that 
serum and whole blood values are not interchangeable 
for clinical guidance, and this is particularly so for Cr con-
centrations. After a review of the literature and consider-
ation of the results presented in this paper we propose a 
'cobalt ladder' in order to guide the interpretation of 
blood Co results in mobile patients with a unilateral 
MoM resurfacing arthroplasty (Table VIII) .2,17,37 
The Co values believed to be of concern as stated in this 
paper are similar to those proposed in the clinical study by 
Hart et al,30 in which a blood Co of4.97 ~g/ I was shown to 
have a sensitivity of 63% and specificity of 86% for a failing 
MoM joint. How these values relate to the present study 
can be seen in Figure 5. With regard to serum values, Van 
Der Straeten et al 38 found that an upper value of serum Co 
of 4.0 ~g/ I should be regarded as abnormal for a unilateral 
resurfacing. Like Hart et ai, 30 these authors also found that 
this value had a much greater specificity (96%) than 
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Table VIII. The 'cobalt ladder' for interpreting blood cobal t results in 




< 1 ~g/ I 
< 2 ~g/ I 
2 ~g/ I to 4.5 ~g/ I 
4.5 ~g/ I to 5.6 ~g/ I 
> 5.6 ~g/ I 
> 10 ~g/ I 
> 20 ~g/ I 
Interpretation/assessment 
93% of the normal population are w ithin 
this limit 
Values are near to background. Expected wea r 
of MoM res urfacings (see Table VII) 
Abnormal wea r is possib le. Consider device, 
bearing diameter, orientation of the 
acetabular component and patient activity 
levels 
High specifici ty for abnormal wear 
100% specific for abnormal wear (drawn at 
lower limit) 
Abnormal wea r uneq uivocal - high ri sk of 
early joint failure37 
Metal stain ing of the joint2•17 
sensitivity (22%). Again this is consistent with our data, 
which showed that this serum Co concentration was 88% 
specific for detecting abnormal wear. 
Conclusions. Serum or whole blood Co and Cr concen-
trations are reliable indicators of the performance of a 
MoM bearing surface. There are significant differences 
between elements and blood fractions that must be taken 
into account during clinical assessment of patients. We 
recommend that whole blood Co should be the screen-
ing test of choice, and a level of 4.5 ~g/I should be 
regarded as indicative of a poorly functioning joint. We 
emphasise that these results apply only to hip resurfac-
ings. Total hip replacements have a further metallic inter-
face between the head and the stem, which can lead to 
significant metal ion generation. 39 The preferential con-
centration of Cr in the serum compartment likely indi-
cates that trivalent Cr (Cr3+) is the predominant species 
released from MoM hip prostheses (resurfacings or 
THRs), rather than the hexavalent Cr species (Cr6+). 
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The clinical implications of elevated 
blood metal ion concentrations in 
asymptomatic patients with MoM hip 
resurfacings: a cohort study 
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Peter Blain, Robert Orysdale Jefferson, Stephen Rushton, Antoni V F Nargol 
ABSTRACT 
Objective: To determine whether elevated blood 
cobalt (Co) concentrations are associated with early 
failure of metal-on-metal (MoM) hip resurfacings 
secondary to adverse reaction to metal debris (ARMD). 
Design: Cohort study. 
Setting: Single centre orthopaedic unit. 
Participants: Following the identification of 
complications potentially related to metal wear debris, 
a blood metal ion screening programme was instigated 
at our unit in 2007 for all patients with Articular 
Surface Replacement (ASR) and Birmingham MoM hip 
resurfacings. Patients were followed annually unless 
symptoms presented earlier. Symptomatic patients 
were investigated with ultrasound scan and joint 
aspiration . The clinical course of all 278 patients with 
'no pain' or 'slight/occasional' pain and a Harris Hip 
Score greater than or equal to 95 at the time of 
venesection were documented. A retrospective analysis 
was subsequently conducted using mixed effect 
modelling to investigate the temporal pattern of blood 
Co levels in the patients and survival analysis to 
investigate the potential role of case demographics and 
blood Co levels as risk factors for subsequent failure 
secondary to ARMD. 
Results: Blood Co concentration was a positive and 
significant risk factor (z=8.44, p=2x1 0-16) for joint 
failure, as was the device, where the Birmingham Hip 
Resurfacing posed a significantly reduced risk for 
revision by 89% (z=-3.445, p=0.00005 (95% Cion 
risk 62 to 97)). Analysis using Cox-proportional 
hazards models indicated that men had a 66% lower 
risk of joint failure than women (z=-2.29419, 
p=0.0218, (95% Cion risk reduction 23 to 89)). 
Conclusions: The results suggest that elevated blood 
metal ion concentrations are associated with early 
failure of MoM devices secondary to adverse reactions 
to metal debris. Co concentrations greater than 20 ~g/I 
are frequently associated with metal staining of tissues 
and the development of osteolysis. Development of 
soft tissue damage appears to be more complex with 
females and patients with ASR devices seemingly more 




• Current Food and Drug Administration guidance 
for the management of patients with MoM hips 
states that 'the utility of routine screening of 
asymptomatic patients using blood metal ion 
testing has not been established.' 
• This study sought to document tha clinical 
course of asymptomatic patients with elevated 
blood cobalt (Co) concentrations. 
Key messages 
• Elevated blood Co concentrations were asso-
ciated with an increased probability of early jOint 
failure secondary to the development of an 
adverse local tissue response. 
• Male patients with low Co concentrations had a 
very low incidence of adverse tissue reactions 
and rationalisation of resources with regard to 
follow-up and repeat blood samples in this 
group may be considered. 
Strengths and limitations of this study 
• This study is the first to describe the clinical 
course of patients following their initial blood 
metal ion results. It includes three times the 
number of subjects as the research on which the 
current Medicines and Healthcare products 
Regulatory Agency (MHRA) guidance is based. 
• The time at which blood samples were taken 
postoperatively was not standardised. 
BACKGROUND 
Modern metal-on-metal (MoM) hip re ur-
facing was developed in order to address the 
relatively poor urvival of conventional pros-
theses in young, active male patients.1 Several 
clinical studie have now shown extremely 
encouraging survivorship, negligible d isloca-
tion rates and excellent functional outcome 
scores in this patient group.2 3 All materials 
used in hip arthroplasty, however, have their 
disadvantages. With MoM pro these , it i the 
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release of cobalt (Co) and chromium (Cr) metal debris 
from the components.4 Adverse reactions to metal debris 
(ARMD) have captured a lot of media attention recently 
but fluid collections and soft tissue damage were noted in 
the presence of increased hip joint fluid Co concentra-
tions as early as 1975.5 These complications were docu-
mented in a report involving patients who had received 
one of the so-called 'first generation' MoM hips, the 
Mckee. Thirty-five years on, we showed a significant 
increase in the wear rates of explanted fourth generation 
MoM hip components which had failed secondary to 
ARMD compared with control specimens.6 These findings 
were substantiated by Glynjones et at in their studies on 
pseudot:umour developmen t. 
Blood and serum Cr and Co concentrations are 
reliable indicators of wear rates in hip resurfacing 
arthroplasty.8 9 The relationship between metal ion con-
centrations and the development of soft tissue necrosis 
and osteolysis is not straightforward, however. We have 
previously examined the extent of local tissue damage in 
relation to blood and hip joint fluid ion concentrations 
and compared them with the wear rates of the corre-
sponding retrieved components. ID While no patient was 
found to have developed a significant soft tissue reaction 
with a well-functioning bearing surface, in patients who 
did experience ARMD-related failure, the extent of soft 
tissue damage did not appear to be dose related to 
metal debris exposure. The overall results suggested that 
the observed soft tissue necrosis was the result of the 
development of a nero-tive immune cascade which 
varied between patients. 0 
It is quite likely that patie nts exposed to increased 
metal debris may show temporary ' tolerance' to the 
stimulus and a certain time period must elapse or a 
threshold exposure be reached before an immune 
response is established and symptoms develop. Several 
publications include descriptions of patients who were 
initially pain-free but went on to develop pain a number 
of years late r.6 11 Furthermore, the increased metal ion 
levels in asymptomatic patie nts may be associa ted with 
underlying pathology, including osteolysis.IO 12 It is well 
recognised that osteolysis can be silent, often only mani-
festing in the form of radiographic changes or pain sec-
ondary to a loosening of components. 
These observations challe nge recent Medicines and 
l-Iealthcare products Regulatory Agency (MHRA) guid-
ance, which does not recommend that patien ts with 
MoM hip resurfacing arthroplasties should unde rgo 
routine blood metal ion testing in the absence of symp-
toms 'unless the patient cohort is of concern ' . It states 
that a Cr or Co level greater than 7 pg/ I ' indicates the 
pote ntial for soft tissue reaction .' 13 But this guidance 
Was primarily based on a cross-sectional study which 
compared patients with fai led MoM hips to control 
patien ts with 'well-functioning' MoM hips.1 4 This study 
included asym ptomatic patie n ts with elevated blood 
metal ion levels in the 'well-functioning' control group. 
In fact, several patients assigned to the 'well-functioning' 
hip group had blood Co concentrations in excess of 
5 pg/ I and one was in excess of 50 pg/ I. These patients 
then acted as the control group to determine whether 
blood metal ion testing was legitimate to identifY pro-
blems in clinical practice. The postoperative time at 
which samples were taken was not controlled for, and nor 
was an attempt made to compensate for time as a con-
founding factor. Blood metal ion testing provides the 
surgeon with a clinical assessment of the performance of 
the prosthetic joint.8 9 We believe that the performance 
of the joint in a tribological sense should be included in 
the consideration of 'well-function ing controls' and some 
consideration should be given to the effect of exposure 
to high concen trations of metal debris over time. 
To date, no studies thus far have documented the clin-
ical course of asymptomatic patients with elevated blood 
metal ion concentrations. The aim of this piece of work 
was to address this deficiency. 
PATIENTS AND METHODS 
The senior author (AVFN) is a lower limb arthroplasty 
surgeon with extensive expe rie nce in MoM hip 
resurfacing arthroplasty. AVFN originally used the 
Birmingham Hip Resurfacing «BHR), Smith and 
Nephew, Warwick, UK) from 2002, but in April 2004 he 
began to use the Articular Surface Replacement (ASR, 
Depuy, Leeds, UK) exclusively. Our previously published 
work has described in detail the clinical and radiological 
outcomes of these ASR and BHR patient cohorts as well 
as identifyi ng the variables leading to excessive metal 
ion release into the blood.6 In 2007, after we had 
observed a number of unusual tis ue reaction in 
patients implanted with the ASR device at our centre, a 
clinical review and blood metal ion screening pro-
gramme was started for all patie n ts with MoM resur-
facing hips under AVFN's care. During these review 
appointments, Harris Hip and UCLA activity scores are 
documented. Patien ts are currently reviewed at a 
maximum of 12 months between appointments a nd 
blood tests are repeated. 
This pape r docume nts the clinical course of all 
patie nts who gave a blood sample between 2007 and 
2010 who had no or 'slight' pain, no radiological abnor-
malities and a Harris Hip Score l 5 greater than or equal 
to 95 at the time of venesection. All patients therefore 
underwent a clinical review at a minimum of 2-year post-
venesection. As blood metal ion testing and close 
follow-up of MoM hip patients have bee n routine at our 
centre since 2007, no ethical approval was required for 
this re trospective audit. 
Revision surgery for ARMD 
We have described ARMD in detail in our previous 
work. to 16 The diagnosis is made on the combination of 
clinical history, findin gs at revision and histological ana-
lysis of tissue retrieved at revision surgery. Reactions to 
metal debris are typically characterised by a combination 
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Table 1 Patient demographics 
1-2 (Iowl 2-5 5-10 (Increased >10 (excessive 
<1 (Iow wear) expected wear) (equivocal) wear) wear) 
Number of patients 57 95 76 25 46 
Number of BHR hips 4 29 12 2 6 
Time from op to venesection 49 (44-52) 52 (44-68) 52 (42-68) 55 (52- 58) 54 (42-68) 
Number of ASR hips 53 66 64 23 39 
Time from op to venesection 30 (4-67) 28 (7-62) 33 (12-73) 30 (12-67) 34 (12- 70) 
Mean age at primary (range) 55 (28-78) 55 (28- 73) 57 (39-78) 59 (45-69) 54 (35-68) 
Number of female hips (%) 15 (26.3) 29 (30.5) 26 (33.8) 15 (62.5) 18 (43.9) 
Number (%) of hips revised for 0 1 (1.1) 4 (5.3) 5 (20.0) 30 (65.2) 
ARMD within 9 years of surgery 
The patients have been subdivided according to the classifications described in table 2. 
ARMD, adverse reaction to metal debris; ASR, Articular Surface Replacement; BHR, Birmingham Hip Resurfacing. 
of revision fi nd ings which include: soft tissue lesions, 
which can be catastrophic and involve local neurovascu-
lar structures; the presence of abnormal (sterile ) flu id , 
wh ich can be copious and pus-like in nature; acetabular 
and/ or femoral osteolysis associated with macroscopic 
deposition of metal (metallosis). At revision surgery the 
macroscopic appearance of the tissues was scored by the 
attend ing surgeon using a simple grading system 10: 0, no 
soft tissue necrosis; 1, small , localised areas of (mild) 
tissue necrosis; 2, widespread (moderate) tissue necrosis, 
stabil ity o f the implant no t obviously compromised and 
3, widespread (severe) tissue necrosis wi th compromised 
stabi lity of the implant. The tissues re trieved at revision 
also underwent a semiquanti tative a nalysis by one con-
SUltant histopathologist wi th exte nsive expe rience in this 
area. Fo r this pape r, the cellular response was cate-
gorised as ' histiocytic', ' lymphocytic/ ase ptic lymphocyte 
dominated vasculitis associated lesion (ALVAL) , domin-
ant o r 'mixed ' as described in our previous work.10 In 
orde r to categorise patie nts and provide context to the 
findings at revision, we divided the patie n ts into sub-
groups according to the results of our work examining 
the relationship be tween wear rates of explanted pros-
theses and pre-revision blood metal ion analysis.8 These 
Subdivisions are described in tables 1 and 2. 
Data analysiS 
Event analysis of hip failure 
A. statistical model was created to examine the relation-
ship between a patient's initial recorded blood Co con-
Centration and the risk of the development of join t 
failure secondary to an adverse reaction to metal debris 
(ARMD ). For the purposes of the prosthe tic survival 
analysis, the endpoints were: the last documented clin-
ical review; the patie n t undergoing revision surgery 
Prior to March 20 12 for any reason o ther than ARMD; 
Or patient death . Individuals were censored if they had 
Undergone revision surgery for ARMD. Specific inclu-
Sion/ exclusion cri teria are shown in table 3. 
We used Cox-proportional hazards models to investi-
gate risk factors fo r fa ilure secondary to ARMD following 
the hip resurfacing procedure . The Cox model assumes 
that there is an underlyi ng unspecifi ed baseline hazard 
that stays constan t through time, that is, influe nced by 
covariates that mitigate or enhance the risk of an event. 
O ur hrrothesis was that the size 17 and type of the 
device, 1 patient age,19 sex19 and blood Co levels were 
associated with an e nhanced risk of hip fa ilure. The Cox 
model assumes that the hazard of the event remains 
fi xed through time, that is, the effect of the individual 
covariates remains the same and proportional. We inves-
tigated non-proportionali ty in our models by plotting 
the Schoenfeld residuals and by correlating the residuals 
for each model wi th time fo r each covariate with a two-
sided X2 test. All models were fi tted fo llowing the metho-
dolody of Therneau and Grambsch.2o We then used the 
best-fi tting model to predict the most likely individual 
survival curves of MoM devices for men and wome n at 
three levels of blood Co (2, 5 and 10 I1g/ I), to illustrate 
the association be twee n revision and blood Co. 









Optimally functioning joints. Co 
concentrations in the range of normal 
physiological values 
'NormaVexpected wear' and the majority 
of published studies involving 
well-functioning hip resurfacing devices 
report median Co levels in this range31 32 
'Equivocal wear'. The significance of Co 
concentrations in this range are not 
currently well understood 
'Increased wear' . A Co concentration 
~5 IJg/1 is highly sensitive and specific for 
increased wear of ex planted componentsB 
'Excessive wear'. In a healthy individual, 
Co concentrations > 10 IJg/1 signify 
unequivocally high rates of wearB 
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Table 3 Inclusion/exclusion criteria for the two parts of the study 
Patient inclusion criteria 
Event analysis of hip failure 
ASR or BHR implanted by AVFN 
Blood Co concentration recorded post hip resurfacing 
Clinical review at a minimum of 2-year postblood test 
Exclusion criteria 
No other MoM hip replacements 
(no patients were excluded for renal 
function abnormalities) 
Normal basic renal function test at the time of Co blood test (urea and 
creatinine) 
Harris hip score ~95 
Mixed effects modelling of trends in blood Co 
All patients in the study who had given repeat blood samples from 2007-2012 Patients found to have developed abnormal 
with MoM hip resurfacings remaining in situ renal function tests 
ASR, Articular Surface Replacement; BHR, Birmingham Hip Resurfacing; Co, cobalt; MoM, metal-on-metal. 
Mixed effects modelling of trends in blood Co 
In order to examine the legitimacy of using the single 
initial blood Co result in the survival analysis, all avail-
able repeated Co resul ts from single patients were 
collected (table 3) . As blood samples were taken at d if-
fere n t times postoperatively as repeated measu res, a gen-
eralised linear mixed effec t model (GLMM) was used to 
investigate the exten t to which blood Co levels changed 
in relation to the time since the original hip replace-
men t operation, with patien t age and sex, the device 
used and bearing diameter of the implant as explana-
tory variables. Our hypothesis was that blood Co levels 
would increase with time since the operation, would 
differ between males and females and be independent 
of patient age. We hypothesised that the size of the 
implant would also impact on the levels of Co because 
smaller implants are known to wear (and hence release 
Co) more readi ly than larger ones. 17 We adopted a pro-
gressive model bui lding strategy following Pinheiro and 
Bates,2 1 first assessing the impact of all variables without 
the inclusion of random effects and then extending to 
include random effects and an autoregressive correl-
ation structures as appropriate to a llow for any autocor-
relation in the response. 
RESULTS 
There were a total of 299 resurfacings in 278 patients. 
Of these, there were 246 ASRs and 53 BHR prostheses. 
Patient demograph ics can be seen in table 1. The mean 
(range) postoperative follow-up of the patients was 
70 months (12- 118). T he mean (range) fo llow-up post-
venesection was 36 months (2-63). Two patients died in 
the study period of unrelated causes. 
Mixed effect modelling of trends in blood Co 
In total, 205 patients gave repeat samples at a mean 
(range) of 27.3 months (6-52) fo llowing the initial test. 
Fifty-seven of these patients gave a third sample at a 
mean (range) of 10.6 months (6-21) following the 
second test. Blood Co concentrations were skewed to the 
right with a few patients having very high blood levels at 
all sampling points. T he d istribution appeared to be 
mul timodal in both sexes ( figure 1). Log transformed 
levels of blood Co in patien ts were not related to time 
since surgery (t=0.3291 p=O. 7423); the type of device 
used (t=- 1.225, p=0.2220), patient age (t=- 0.1351, 
p=0.8926) or the size of the device used (t=- 0.3084, 
p=0.7480) in the fu ll model analysing trends through 
time. T here was a suggestion that male sex was associated 
with reduced Co concentrations; patien t sex (- 1.967, 
p=0.0502). Simpli fication to a model with sex as the only 
explanatory variable suggested that there was some evi-
dence that men had lower blood Co level than women 
(t=-2.240, p=0.0259) of analysis of log-transformed blood 
Co levels. The SD of the random effect for patient factors 
was 73% of the unexplained variation in the model, indi-
cating that there was a large component of unmeasured 
variation attributable to the patient. Inclusion of an auto-
regressive correlation structure in the model gave a 
Iog(b1ood collal uglmI .1) 
Figure 1 Violin plot showing distribution blood cobalt 
concentrations in men and women. 
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marginally better model than one in which it was not 
included (L.ratio=3.737, p=0.0532). 
As the measured Co concentration was not significantly 
related to time fro m surgery to blood, it was assumed to 
be legitimate to conduct survival analysis using the first 
sample for the patients with time from surgery to most 
recent follow-up/ death/ revision used in the analysis. 
Revision cases 
At the time of the writing, 41 joints had been revised 
(36 ASRs and 5 BHRs). All but one of these prostheses 
(an ASR revised secondary to avascular necrosis in a 
male patient) were revised secondary to ARMD. Only 25 
of the ARMD prostheses were revised in female patients 
and 15 in male patients. Table 4 includes the modes of 
presentation of these patients. 
Event analysis of hip replacement failure 
As only two patie nts died during the course of the study, 
the impacts of competing risks were assumed to be 
negligible. Analysis of hip resurfacing failure using 
Cox-proportional hazards models indicated that me n had 
a 66% lower risk of joint failure than women (z= 
-2.29419, p=O.0218, (95% Cion risk reduction 
23 to 89». Inclusion of time since blood sample as a vari-
able showed that it was not an important risk factor for 
fai lure (t=-1.454, p=0.1459). T he level of blood Co (as a 
log transformed variable) was a positive and significant 
risk factor (z=8.44, p=2 x 10-16), as was the device, where 
the BHR posed a significantly reduced risk for revision by 
89% (z=- 3.445, po:O.00005, (95% Ci on risk 62 to 97». 
An analysis of the Schoenfeld residuals for the model 
with on ly the significant variables model showed that the 
assumption of proportionality of hazard for this model 
Table 4 Details of the revision cases in the study 
Moderate/severe 
Male: soft tissue 
Signs and symptoms female destruction (%) 
Group 1 (n=21) 
Increasing pain and moderate 5:16 47 
large fluid effusion 
Group 2 (n=11) 
Pain with small fluid effusion 5:6 18 
Group 3 (n=4) 
Acute pain with femoral 3:1 0 
collapse 
Group 4 (n=4) 
Minor discomfort and grossly 3:1 50 
elevated ions with mass (n=1) 
grinding sensation (n=1), 
gross femoral neck thinning 
(n=1), squeaking (n=1) 
Avascular necrosis (non 1:0 0 
ARM D) (n=1) 
were me t (\og(Co+ l ), X2=8.72, p=0.350; sex, X2=3.139, 
p=O.077 and device, X2=1.591, p=O.207) . Risk of failure 
was highest for females fitted with ASR and a high blood 
Co level, with the risk of avoidi ng failure dropping to zero 
after 10 years, suggesting that hip failure would be inevit-
able for a person with this set of characteristics. In con-
trast, failure was least likely for males fitted with the BHR 
device with low levels of blood Co for which the risk of 
failure was of the order of 5% over 10 years . 
Predicted survival 
We used the outputs fro m the best-fit Cox models identi-
fied in the event analysis to generate predicted survival 
curves for individual patients with certai n characteristics. 
We then used the curves to predict the probability of 
avoid ing revision at 5 and 7 years with associated Cls 
generated from the regression equations. Predicted sur-
vival curves of the replacement for men a nd women 
with blood Co concentrations of 2, 5 and 10 Ilg/ l 
( figu res 2-4 and table 5) illustrate the increased risk if 
the case was a woman , fitted with an ASR device and 
had elevated blood concentrations of Co .. As an 
example, a woman wi th an ASR and 10 Ilg/ 1 of Co in 
her blood has a 57.3% chance of avoiding revision by 7 
year post primary replacement, while a man has a risk of 
78.2%. Equivalent probabilities for BHR women and 
men with the same Co levels at 7 years are 94.2% and 
97.4%, respectively. These indicate the increased risk of 
revision with ASR and high levels of Co. 
DISCUSSION 
This paper examines the assoClauon between elevated 
blood metal ion concentrations and early failure of hip 
resurfacing devices due to local ARMD in asymptomatic 
Percentage of ALVAL or 
mixed response 
Osteolysis (percentage of Median (range) 
(%) lymphoid neogenesis) (blood Co) (JlgII) 
81 71 (43) 17.8 (4.60-109.7) 
55 18 (0) 23.3 (1.37-147) 
100 25 (0) 49.8 (12.0-271.0) 
75 50 (50) 81.8 (11.6-164) 
0 Histiocytic 1.90 
ARMD, adverse reaction to metal debris; ALVAL, aseptiC Iymphocyte dominated vasculitis associated lesion; Co, cobalt. 
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Figure 2 Predicted survival curves for hip replacements for two male and two female hypothetical individuals with different levels of 
blood cobalt at 2 and 5 ~g!I . Device is the Birmingham Hip Resurfacing. Time period is in months. Survival curves shown with 95% Cl. 
patients. It provides the first evidence that blood metal 
ion tests can be used as a clinical indicator of the risk of 
early joint failure in asymptomatic patients. 
The main weakness of the pape r was the lack of stand-
ardisation of the time at which blood samples were 
taken postoperatively. This was because the work was 
carried out not as a piece of research but rather one of 
clinical need as more and more problems began to 
emerge with the ASR device. To analyse the effect of this 
variation in time from primary surgery to sampling, a 
GLMM was constructed. We were able to do this because 
a large number of patients had undergone repeat sam-
pling at a mean of 2 years. No significant temporal vari-
ation was seen , with the implication being that, on 
average, very low levels tended to stay low and elevated 
levels remained high. 
No preoperative blood samples were taken, although 
we do not accept that this was a significant limi tation. 
A recent unpublished study involving 3042 healthy 
volun teers at the nearby regional blood transfusion 
centre showed that the median (first and th ird quar-
tiles) blood concentration of Co was 0.5 Ilg/ 1 (0.4 to 
0.6). Only 0.46% of the concentrations were found to be 
above 1.5 1lg/ 1 and in only one sample (0.03%) was the 
Co concentration above 2 1lg/ 1. 
The results of the current study suggest that elevated 
blood Co levels are a matter of concern, even in asymp-
tomatic patients. Female patients appear to be at greater 
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Figure 4 Predicted survival curves for hip replacements for two male and two female hypothetical individuals with blood cobalt 
concentrations of 10 IJg/l. Device is the Birmingham Hip Resurfacing (top two plots) and Articular Surface Replacement (bottom 
two plots). Time period is in months. Survival curves shown with 95% Cl. 
risk of joint failure than male patien ts wi th equivalent 
Co concentrations, particularly at lower levels. This 
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Figure 5 The incidence of osteolysis and/or moderate/severe 
soft tissue destruction at revision surgery. Patients have been 
grouped according to their preoperative blood result. 
patients to mount an adverse immune response. The 
pathological spectrum of ARMD has been described in 
detail in our previous work.16 One of the h istological 
hall marks of this response is ALVAL.22 In this condition, 
Iymphocytes form thick cuff: around blood ve el . In its 
most advanced stage, lymphoid neogenesis is observed, 
and blood ves els can become hyalinised and obliter-
ated. 16 Tissue specimen from joint capsules affected by 
rheumatoid arthritis share some histological similarities 
with ALVAL tissue retrieved from patients with failed 
MoM joints.23 It i accepted that the incidence of a 
number of immun e conditions such as rheumatoid 
d isea e is higher in women.24 It does not seem unrea-
sonable, therefore, to suggest that women are predi-
posed to the development of ALVAL especially when 
one considers that, invariably, reports of local patholo-
gies assoc iated with MoM prostheses include a di pro-
portionate number of female patients.6 11 19 We have 
previou Iy, perhaps erroneously, attributed thi ob erva-
tion entirely to the fact that smaller d iameter re urfa-
cings (used more in females) generally wear at a greater 
th . I I . . 11 17 rate an eqUlva ent arger Jomts. 
There al 0 appears to be a difference in the fai lure 
rates of the ASR and BHR joints at equivalent blood Co 
concentrations. An explanation for this unexpected 
finding may be that wear debris released from the ASR 
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Table 5 Predicted probabilities of risk of avoiding revision for patients with different blood Co concentrations 5 and 7 years 
after initial intervention 
Males Females 
Cobalt (pg/l) Probability Lower Cl Upper Cl Probability Lower Cl Upper Cl 
Probability of avoiding ARMD at 5 years 
BHR 
2 99.7 99.3 100 99.4 98.6 100 
5 99.5 98.8 100 98.9 97.5 100 
10 99.1 97.9 100 98.1 95.7 100 
ASR 
2 99.7 99.3 100 99.4 98.6 100 
5 99.5 98.4 100 99.0 97.6 100 
10 87.8 92.4 97 83.7 75.8 91.6 
Probability of avoiding ARMD at 7 years 
BHR 
2 99.2 98.1 100 98.2 96 100 
5 98.4 96.5 100 96.7 92.6 100 
10 97.4 94.1 100 94.2 87.5 100 
ASR 
2 99.2 98.1 100 98.2 96.0 100 
5 98.4 96.5 100 96.7 92.6 100 
10 78.2 67.0 91 .5 57.3 38.8 75.8 
ARMD, adverse reaction to metal debris; ASR, Articular Surface Replacement; BHR, Birmingham Hip Resurfacing. 
bearing surface can more readily stim ulate an immune 
cascade. It is well documented that wear volume and 
particle morphology can determine the resulting peri-
prosthetic immune response.25-27 Indeed, it was fo r this 
very reason that MoM joints were introduced. It was 
thought that the overall reduction in volume tric wear 
rate and the smaller size of particles liberated from 
MoM prostheses would avoid the initiation of macro-
phage (histiocyte)-driven osteolysis caused by polye thyl-
e ne debris.2B Leslie et al!9 presented evidence that there 
is a significant difference in the morphology of ASR and 
BHR particles, with the median size of ASR particles 
be ing approximately half the size of BHR particles. If 
this is true, it would mean that ASRjoints wearing at the 
same volumetric rate as a BHR joint expose the patient 
to a far greater numbe r of particles. 
When patients are exposed to very high levels of Co 
(> 1 0 Ilg/ I) , the risk of developme n t of osteolysis greatly 
increases in both ASR and BHR patien ts. The peripros-
thetic tissues of patients with Co concentrations in this 
category were riddled with macroscopically visible metal 
Wear particles. 16 Histological analysis, without exception, 
showed heavy infi ltration of macrophages (histiocytes).1 6 
This macrophage dominated response (similar to the 
response to polyethyle ne wear particles) is consistent 
with hip simulator data which have shown that particles 
released under harsh wear testing are much larger 
than those released under ideal wear conditions.3o 
Unfortunately, in this series of patie nts, only in those 
with advanced bony de fects which required grafting 
Were there any obvious changes on plain radiographs. 
This is quite likely due to the fact that opaque metal-
laden debris is often deposited in the bony defects. We 
are now performing CT in patien ts with extremely ele-
vated blood metal ion concentrations in order to better 
assess bony integri ty and aid prerevision planning. 
In summary, blood metal ion concen trations are a 
useful clinical tool, particularly in asymptomatic patients. 
They can be used as an indicator of the risk of the devel-
opment of ARMD. Ion concentrations, if low, can be 
reassuring to both patients and surgeons and can also 
Figure 6 Operative findings of a 55-year-old patient from 
another country. He had minimal discomfort but was not 
satisfied with his surgeon's opinion that 'there was nothing to 
be concerned about'. His preoperative blood cobalt 
concentration was 217 ~g11. Note the gross metal staining of 
the tissues (metallosis) and abnormal flu id. There was 
extensive acetabular and femoral osteolysis. 
8 Langton DJ, Sidaginamale RP, Joyce T J, et al. BMJ Open 2013;3:e001541 . dOi:10.1136lbmjopen-2012-001541 
1 
Downloaded from bmjopen.bmj .com on March 12, 2013 - Publ ished by group.bmj .com 
Elevated metal ion concentrations in asymptomatic patients with hip resurfacings 
Figure 7 The femoral neck and prosthesis of a male patient 
in this study with a Birmingham Hip Resurfacing who was 
found to have blood cobalt of 155 11g11 on routine screening. 
He had no symptoms but elected for surgery 2 years later 
when he developed progressive discomfort in his hip. There 
were no obvious changes on plain x-rays. As can be seen on 
the right, there was a large cavity in the femoral neck filled 
with metal-stained, caseous material. 
allow rationalisation of resources. Grossly elevated ion 
concentrations ind icate the risk of early prosthetic 
failure and can be used to direct further investigations 
or implement closer follow-up. At our uni t, which acts as 
a referral centre for the treatment of failed MoM joints, 
in total 40 patien ts wi th blood Co concentrations greate r 
than 20 pg/ I have undergone revision of the ir hip resur-
fac ing so far. All were found to have macroscopic metal 
staining of the local tissues and 35 were found to have 
some degree of bone loss. In light of these findings, at 
our uni t patien ts with grossly elevated metal ion concen-
trations are now offered revision surgery in the absence 
of symptoms. Figures 6 and 7 show two such examples. 
Figure 6 shows the in traoperative finding of a 50-year-old 
patient \vith an ASR with 'slight' pain only who had 
bee n reassured by his primary surgeon and sought a 
second opinion. Figure 7 shows the retrieved fe moral 
neck of a patien t with a BHR who also had minimal 
symptoms but elected fo r revision on account of ele-
vated blood metal ion concentrations. 
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Reflective Summary of the Published Works 
On reflection, it is obvious that, as time passed, the quality of the research improved. The quality of 
the earlier publications in this body of work was affected in part due to my inexperience as a 
researcher but also as a result of the clinical environment. The enclosed publications emerged from 
an evolving clinical situation rather than a classical, hypothesis driven form of research. An inherent 
weakness, therefore, of some of the publications is the retrospective nature of the studies. Although 
the implantation of the ASR was carried out as part of a prospective study, this body of work 
contains no prospective randomised trials. A prospective randomised trial comparing the ASR to 
existing conventional forms of arthroplasty and the best performing metal on metal device would 
have been the gold standard means of assessing the device in terms of functional outcome, metal 
ion release and rates of ARMD. 
Chapter One 
In addition to the comments above, 'The Influence of Age and Sex on Early Clinical Results After Hip 
Resurfacing: An Independent Center Analysis" could have been improved specifically by the use of 
Cox proportional hazards modelling such as was used in the later publication "Adverse reaction to 
metal debris following hip resurfacing THE INFLUENCE OF COMPONENT TYPE, ORIENTA TlON AND 
VOLUMETRIC WEAR". 
ChapterTwQ 
The tests described in "Cup Anteversion in Hip Resurfacing; Validation of EBRA and the Presentation 
of a Simple Clinical Grading System" were carried out with relatively limited resources. Were this 
study to be repeated today the fresh frozen cadavers at Newcastle Surgical Training Facility could 
have been used to more closely replicate the true clinical setting. It would also have been preferable 
to use a portable coordinate measuring machine to assess acetabular orientation as the gold 
standard measurement technique. 
Chapter Three 
"The effect of component size and orientation on the concentrations of metal ions after reSUrfacing 
arthroplasty of the hip" reported on the relationships between bearing diameter, cup orientation 
and metal ions. Ways to improve the methodology of the study would have been to identify the 
patients to be involved in the study preoperatively. A power analysis would have given an estimate 
of the number of patients required for each bearing size and a retrospective analysis of cup 
orientations previously achieved by the surgeon would have facilitated these calculations. 
Considerations could have been given towards matching patients by weight and sex. Post 
operatively, blood samples would have been taken at regular follow up periods. Furthermore it may 
have been preferable to take a number of repeat samples to assess whether there was significant 
variation in ion concentrations depending on the time of the day or week on which venesection was 
performed. Clearly, however, this would have been extremely disruptive to the participants' lives as 
well as draining in terms of resources. 
The statistical analysis in the existing study could also perhaps have benefitted from log 
normalisation of the ion data to perform multiple regression tests to investigate the interaction of 
different variables on ion release. 
Chapter Four 
"Blood metal ion concentrations after hip resurfacing arthroplasty: A COMPARA TlVE STUDY OF 
ARTICULAR SURFACE REPLACEMENT AND BIRMINGHAM HIP RESURFACING ARTHROPLASTIES." 
This comparative study would have provided the highest quality of evidence if it had been conducted 
using the same methodology as described above in chapter three, with patients being randomised to 
receive either the ASR or BHR prosthesis. 
Chapter Five 
On reflection, in chapter five, the title of the paper "Early failure of metal-on-metal bearings in hip 
resurfacing and large-diameter total hip replacement A CONSEQUENCE OF EXCESS WEAR" is 
somewhat misleading as it implies that causation rather than association has been proved. The 
intention of the study was primarily to compare groups with high blood metal ion concentrations 
(and, by extension, abnormally wearing prostheses) to those with low blood ion concentrations in 
terms of rates of adverse tissue reactions. While the study showed convincing evidence that patients 
implanted with prostheses wearing at higher wear rates were more likely to develop tissue 
reactions, it can only strictly be termed an associated rather a causative factor in the development of 
those reactions. 
Stronger evidence could have been obtained by means of a randomised prospective trial. Patient 
assessments could have been carried out by an experienced independent surgeon, unaware of the 
device which had been implanted and blinded to post-operative blood metal ion results. 
Confounding effects of patients' subjective symptomatology could have been eliminated by the use 
of widespread screening ultrasound and/or MRI scans. 
Chapter Six 
"Volumetric wear assessment of failed metal-on-metal hip reSUrfacing prostheses." 
"Reducing Metal Ion Release Following Hip ResUrfacing Arthroplasty." 
The studies involving explant analysis which are included in this thesis were conducted 
prospectively. However, explant studies introduce an issue of confounding by their very nature. It is 
hoped that the drawbacks of these types of studies have been expressed clearly in the published 
papers. The main limitations are brought about by the low number of well-functioning hips from a 
tribological point of view. This is essentially unavoidable given the association between accelerated 




"Reducing Metal Ion Release Following Hip Resurfacing Arthroplasty." 
This study suffers from similar limitations, and thus could have been optimised using the same 
methodology, as described in the paper "Blood metal ion concentrations after hip resurfacing 
arthroplasty: A COMPARATIVE STUDY OF ARTICULAR SURFACE REPLACEMENT AND BIRMINGHAM 
HIP RESURFACING ARTHROPLASTIES". 
Chapter Eight 
"Adverse reaction to metal debris following hip resurfacing: THE INFLUENCE OF COMPONENT TYPE, 
ORIENTATION AND VOLUMETRIC WEAR." 
The quality of evidence generated from this study could have been optimised by the collaboration of 
the surgeons from the outset. The surgeons would have followed a set protocol of indications to 
perform the procedure, with patients randomised to receive an ASR, a BHR or a Conserve Plus 
prosthesis. It would have been preferable for each surgeon to have an equal amount of experience 
in the use of each device in order to eliminate confounding effects of the learning curve. Patients 
would have undergone the same follow up procedures and blood samples drawn at the same 
intervals post operatively. Patient review and clinical assessment would have been carried out by 
medical staff without knowledge of the device implanted or the surgeon who had carried out the 
procedure. In order to screen for ARMD, regular ultrasound and MRI scans would have been carried 
at regular follow up periods, irrespective of symptomatology. 
Chapter Nine 
"Accelerating failure rate of the ASR total hip replacement. " 
"High failure rates with a large-diameter hybrid metal-on-metal total hip replacement: CLINICAL, 
RADIOLOGICAL AND RETRIEVAL ANALYSIS." 
The studies described in this chapter could also have been improved by prospective randomised 
controlled studies as detailed in the reflective summary of chapter eight. 
Chapter Ten 
"Taper junction failure in large-diameter metal-on-metal bearings. " 
This study, as in those described previously, has the unavoidable limitation of the skewed nature of 
the sample set. However, that does not mean that the taper junctions which were analysed had all 
performed poorly. Indeed, a significant proportion of the THR constructs in this study exhibited no 
significant changes at this interface. 
Chapter Eleven 
"Blood metal ion testing is an effective screening tool to identify poorly performing metal on metal 
bearing sUrfaces." 
Without the constraints of ethics, the ideal way to conduct this study would have been to enrol an 
equal number of male and female patients who were deemed suitable for a resurfacing procedure. 
At a set time point, for example two years post operatively, the patients would undergo removal of 
their devices in order to conduct full volumetric wear analysis with intention to compare these 
results to pre revision blood ion concentrations. Clearly this idealised situation will never be 
acceptable from an ethical point of view. For this reason, studies of this kind will always suffer the 
limitation of relatively small numbers of low wearing bearing surfaces available for examination. 
Chapter Twelve 
"The clinical implications of elevated blood metal ion concentrations in asymptomatic patients with 
MoM hip resurfacings: a cohort study. 11 
Ideally, this study would have reported on the longitudinal results of the prospective randomised 
study detailed in the reflections in chapters four and five. Repeated regular cross sectional scans 
would have provided valuable information on the natural history of fluid collections and masses 
associated with MoM hips. 
